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The forward osmosis (FO) process is a membrane process that makes use of the 
osmosis phenomenon for the transport of water from a feed solution to a draw 
solution across a highly-selective FO membrane. The driving force of this process is 
provided by the osmotic pressure difference between the feed and draw solution. 
More importantly, the FO process is recently explored as an alternative to other 
membrane processes. Apart from FO having low energy consumption, the FO 
membrane is considered to be of lower fouling propensity when compared to other 
membrane technologies. Other benefits of FO were also discussed in this thesis. 
Several challenges of the FO process were identified, including limited advancement 
on theoretical modeling and prediction of FO performance, lack of an ideal FO draw 
solution, limited data to evaluate the feasibility of FO applications, and lack of 
comprehensive analysis of energy and cost comparison with existing technologies. It 
is the objective of this thesis to investigate these challenges and systematically 
evaluate the feasibility of the FO process in water and wastewater treatment.  
In the first part of the study on FO modeling, the mass transfer coefficients derived 
from the boundary layer concept was used in the film theory model to describe the 
external concentration polarization (ECP) layer. A modified model for the internal 
concentration polarization (ICP) layer was proposed. It was shown that the revised 
models developed in this study could predict water fluxes and model both the ECP 
and ICP phenomenon for the FO process more accurately than the previous model 
proposed by other researchers. In the second part of the study on FO process 
modeling, water fluxes for the FO process using 6 different draw solutes were 




model (developed in the first part of this study) can predict the flux behavior for the 
FO process accurately with NaCl or KCl as the draw solute only. When other draw 
solutes were considered, the effects of dilution/suction and property (diffusivity) 
variation were included in the revised ECP model, so as to improve the accuracy of 
prediction. The revised ICP model with the solute specific KS proposed in this study 
could improve the accuracy of the ICP effect because of the different degree of 
interactions of the different solutes with the porous matrix membrane material.  
Following work done on FO process modeling, further experiments were conducted 
to select the most appropriate draw solutions for the FO process, and at the same time 
a complementary reconcentration process was also proposed. Results obtained from 
laboratory-scale FO and NF tests suggest that both MgSO4 and Na2SO4 could be used 
as potential draw solutes for the hybrid FO-NF process. Also, the energy consumption 
of the post treatment NF process was low with an expected operating pressure of less 
than 40 bar, as opposed to seawater RO process that used 60 bar and above. 
With the appropriate draw solutions proposed, results from the laboratory-scale FO 
and NF tests in the next phase suggested that Na2SO4 could possibly be the most 
suitable draw solution for the proposed hybrid FO-NF process for seawater 
desalination. In order to produce good quality product water that meets the 
recommended TDS of the GDWQ from WHO, a hybrid FO-NF process with two-pass 
NF regeneration was proposed. Preliminary calculations suggested that the energy 
requirement of the FO-NF for seawater desalination is 2.29 kWh/m
3
, which was more 
than 25% lower than the RO process.  
Finally in the last phase, feasibility investigations were conducted on a hybrid FO-




simulation was used to understand the draw solution fluid flow within a plate-and-
frame FO module and modifications were conducted to fabricate a more effective 
module. A modified 6-chamber membrane module was designed and fabricated. A 
CFD simulation was conducted on this module and was found that it had good 
velocity profile contours. 
With the optimized membrane module, two separate tests were conducted to 
investigate the effect of different mean-cell residence time (MCRT) on FO-MBR 
operations (3-, 5-, and 10-day MCRT) and the effect of backwash and chemical 
cleaning to mitigate flux decline. Results from both studies indicated that mixed 
liquor conductivity increase had a large impact on flux decline as conductivity was 
linked to solute concentration that was further linked to the osmotic driving force. By 
normalizing the water flux, flux decline due to membrane fouling was studied. In 
addition, final permeate water quality indicated that the hybrid FO-MBR system (for 
all three MCRTs) had high organic removal, largely due to the non-porous FO 
membrane that was capable of retaining most of the solute within the mixed liquor. 
However, it was found that the final permeate had high concentrations of nitrate. 
Finally, recommendations for future studies with reference from the findings and 
conclusions obtained in this thesis were given. First, process parameters can be 
optimized and introduction of membrane spacers may aid in reducing ECP effects. 
Second, ICP effects can be mitigated by fabricating more appropriate FO membrane. 
Next, magnetic nanoparticles may be studied and considered for FO draw solution, 
ultimately reducing the energy consumption for solute recovery even further. Finally, 
further optimization of both hybrid FO-NF and FO-MBR is recommended for future 
studies. 
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CHAPTER ONE – INTRODUCTION 
In 2002, 1.1 billion people lacked access to improved water sources, which 
represented 17% of the global population. Of the 1.1 billion people, nearly two thirds 
of them live in Asia. In sub-Sahara Africa, 42% of the population is still without 
improved water. Between 2002 and 2015, the world’s population was expected to 
increase every year by 74.8 million people and the global demand for improved water 
source therefore shall increase concomitantly (WHO, 2005). However by 2025, the 
projected water scarcity would extent from the above mentioned regions to include 
the Asia-Pacific regions, the Middle East and Central and South America as shown in 
Fig. 1.1.  
 
 
Figure 1.1 Projected water scarcities in 2025 (IWMI, 2000).  
 
Only approximately 2.5% of the Earth’s water is freshwater, with more than two 
thirds of it frozen in glaciers and polar ice caps. The supply of this important resource 
is disproportionate particularly in regions of rapid population, agricultural and 
industrial growth. The Millennium Ecosystem Assessment (2005) estimated that 
between 5 and 25% of global freshwater use exceed long-term accessible supplies. 




Agricultural uses were the biggest concern, with an estimated 15 to 35% of irrigation 
withdrawals in excess of sustainable limits. 
The lack of proper sanitation further stresses the already fragile freshwater supplies, 
with 2.6 billion people lacking access to sanitation and nearly 1.5 billion of these 
people living in China and India (UNICEP and WHO, 2004). Figure 1.2 (a) and (b) 




Figure 1.2 World population without improved drinking water sources/sanitation by region in 
2002 (UNICEF and WHO, 2004). 
 
Many countries now recognize the severity of the impact of water source and 
sanitation facilities on the growth and development of human social, economic, 
cultural and political systems. Adequate supplies of freshwater are a cornerstone for 




human activities at all scales, from daily subsistence needs to higher levels of 
economic production. Lack of such is responsible for cycles of poverty and limiting 
viable development options in regions around the world. In fact, the most important 
finding is that poor governance and economies in regions around the world, where 
water challenges are most severe, impair the effective application of either innovative 
technology or innovative policy (Sandia National Laboratories, 2005). As such, water 
being the basic commodity in daily life should be available economically; hence the 
cost of producing drinking water is a paramount task to be reduced.  
In order to focus the attention on providing adequate and sustainable improved water 
source and sanitation, targets had to be set to commit and speed up the global efforts 
to alleviate the current issue. The Millennium Development Goals (MDGs) were 
established in 2000 by the UN General Assembly Millennium Meeting (UN General 
Assembly, 2001). Out of the 8 target MDGs, Goal 7, which in short is to ensure 
environmental sustainability, points to the importance of water related issues. The 
most important target that was set in Goal 7 is to halve the proportion of people 
without sustainable access to safe drinking water and basic sanitation by 2015. 
A quote from UNESCO (2006) exemplifies the fact that: “Access to secure water 
supplies is essential, yet, it is clear that the central role of water in development is 
neither well understood nor appreciated. Much more needs to be done by the water 
sector to educate the world at large and decision-makers in particular.”  
In order to achieve the above mentioned target, much emphasis has to be made on the 
proper governance of vital water resource and the economic development of both 
clean water resource and sanitation. The governance of water resource covers a wide 
spectrum of issues and targets, which could not possibly be resolved by only 




considering the science and engineering aspects covered in this proposal. However, 
the development of innovative and economical technology, as proposed in writing 
here, can perhaps boost the supply of clean water to achieve in part the targets of 
MDG 7. It might even be possible to reclaim wastewater for the purpose of 
agricultural use, industrial use and also a safe alternative for human consumption, 
where technology permits. 
Therefore, to aid in the global drive to achieve sustainable water resource, this thesis 
seeks to suggest the use of the forward osmosis (FO) process for the low cost 
production of clean drinking water and an alternative technology for the treatment of 
wastewater. The FO process would then be optimized to address the needs of using 
this innovative technology with the careful selection of process parameters. 
Furthermore, various issues pertaining to the application of FO process for large-scale 
and low cost production of clean drinking water will be considered and attempts will 
be made to resolve them. 
1.1 BACKGROUND 
1.1.1  Membrane technology and its current trends 
The field of membrane separation technology is presently in a state of rapid growth 
and innovation. Many different membrane separation processes have been developed 
during the past half century and new processes are constantly emerging from 
academic, industrial, and government laboratories.  
Separation processes are widely used in many aspects. In order to achieve a given 
separation, a number of different processes can be used. The objectives of separation 
can be classified roughly as: concentration, purification, fractionation, and reaction 




mediation (Mulder, 1996). A classification of some separation processes in terms of 
the physical or chemical properties of the components to be separated is given in 
Table 1.1. A number of selections can be made on the possible separation principles 
for the separation of different components.  
Table 1.1 – Classification of some separation processes using physical and chemical 




Size Filtration, MF, UF, dialysis, gas separation, gel permeation chromatography. 
Vapour pressure Distillation, membrane distillation. 
Freezing point Crystallization. 
Affinity Extraction, adsorption, absorption, reverse osmosis. 
Charge Ion exchange, electrodialysis, electrophoresis, diffusion dialysis. 
Density Centrifugation. 
Chemical nature Complexation, carrier mediated transport. 
 
Generally, two criteria apply to all separation processes such that the most practical 
process can be selected. The two criteria are: 1) separation must be feasible 
technically; and 2) separation must be feasible economically. Economic feasibility, 
being more important among the two criteria, depends strongly on the value of the 
products isolated. As such, the most practicable separation process is one that allows 
the achievement of the requirement of the separation at the lowest cost.  
In many applications such as water desalination and purification, membrane processes 
compete directly with the more conventional water treatment technologies. However, 
compared to these conventional technologies, membrane processes are often more 
energy efficient, simpler to operate and yield a higher quality product. In addition, 
these membrane processes are easy to up and down scale, and have advantage of 
operating at ambient temperature, avoiding any change or degradation of products.  




Membrane processes are typically separation processes that adopt the principles of 
size exclusion, affinity, charge and vapor pressure. Usually, membranes are classified 
as porous or non-porous barrier structures, and modifications to the surface structure 
are possible to achieve various objectives such as adsorption, absorption and electrical 
affinity. Table 1.2 shows the classification of membrane with different barrier 
structures and their corresponding uses, and Fig. 1.3 shows the application range of 
various membrane processes.  
Table 1.2 – Classification of membrane with different barrier structures and their 




Figure 1.3 Application range of various membrane processes. 
 
Passive transport through membranes occurs as a consequence of a driving force, e.g., 
a difference in chemical potential by a gradient across the membrane. Table 1.2 
categorizes the different membrane processes under the corresponding driving force. 
The use of different membrane structures and driving forces has resulted in a number 




of rather different membrane processes such as RO, MF, UF and NF, dialysis, 
electrodialysis, Donnan dialysis, pervaporation, gas separation, membrane contactors, 
membrane distillation, membrane-based solvent extraction, membrane bioreactors, etc.  
The large-scale industrial utilization of membrane started during the 1970s with water 
desalination and purification to produce potable and high quality industrial water. 
Since then, membranes have become widely used with significant technical and 
commercial impact. Today’s membrane processes are used in three main areas. The 
first area includes application such as seawater desalination or wastewater purification. 
The second area includes applications such as the production of ultra-pure water or 
the separation of molecular mixtures in the food and drug industry. The third area 
includes membrane applications in artificial organs and therapeutic systems.  
According to the global business size in membrane technologies in1998 as shown in 
Table 1.3, the four main market shares include dialysis systems, water and 
pharmaceutical products purifications, gas separations and reverse osmosis processes 
(Strathmann, 1999). The combined business market share for water purification and 
desalination amounts to 45% and this represent a considerable importance of the 
membrane applications in the water industry. With the global demand for water being 
expected to increase, this will lead to us looking at alternative sources for drinking 
water. Seawater and brackish water desalination can become a significant source of 
drinking water; however, the current technology (membrane desalination included) is 
still considered expensive. Alternative membrane processes that can drive down the 
cost of water production would make this technology available to poorer countries, 
where water scarcity is a problem. 
 








Business market share 
(%) 




Air/gas separation 490 11.2 
Reverse osmosis (desalination) 400 9.1 
Others 30 0.6 
Total 4,400 (S$8 billion) 100 
 
Existing membrane processes are being constantly improved in order to enhance their 
economic competitiveness. Significant improvements are currently being made in 
many aspects of membrane separation technology: in the development of new 
membrane materials with higher selectivity and/or permeability, in the fabrication 
methods for high-flux asymmetric or composite membranes, in membrane module 
construction and in process design. New membrane separation processes, with various 
advantages over existing processes, are also being conceived with remarkable 
frequency. With a view of applying them in large-scale industrial processes, they can 
ultimately replace, if not provide alternative solutions to, existing separation 
processes.  
 
1.1.2  Membrane technologies in water desalination and reclamation 
With the growing demand for drinking water now and the future, desalination is 
broadly seen as a viable and increasingly economic strategy to extend the available 
water supply. Worldwide more than 15,000 industrial scale desalination units had 
been installed or contracted by the year 2002. These plants account for a total capacity 




of 8.5 billion gallons/day (IDA, 2002). A study into the worldwide desalination 
market expects the expenditure between 2005 and 2015 to be around US$95 billion. 
The expected growth of desalination capacities around the world is shown in Fig. 1.4. 
 
 
Figure 1.4 Expected growths of desalination capacities from 2005 to 2015 (GWI, 2005). 
 
Desalination is a method used to produce drinking water by removing dissolved solids 
from feed water such as seawater, brackish water, inland water and, increasingly, to 
reclaim recycled water. It is a highly complex process and factors that have the largest 
effect on the cost of desalination are feed water quality (salinity levels), product water 
quality, energy costs, as well as economies of scale (Alatiqi et al., 1999; Dore, 2005). 
Desalination technologies can be classified by their separation mechanism into 
thermal- and membrane-based desalination. Thermal desalination separates salt from 
water by evaporation and condensation, whereas in membrane desalination water 
diffuses through a partially permeable membrane, while salts are almost completely 
retained. An overview of available desalination techniques is given in Table 1.4. 
Furthermore, several other membrane technologies are available for treatment of 
water to varying degrees. Those usually used in pretreatment of feed water as part of 




the desalination process include Microfiltration (MF), Ultrafiltration (UF) and 
Nanofiltration (NF). 
Table 1.4 – Overview of available desalination technology (Fritzmann et al., 2007). 
 
Reverse osmosis (RO) and multi-stage flash (MSF) are the two techniques most 
widely used. Although RO is rapidly gaining market share, thermal processes still 
dominate the market, particularly in the Gulf Region due to the low cost of fossil fuel 
based energy in this region. The globally installed desalting capacity by various 
processes in 2002 is shown in Fig. 1.5. 
 
Figure 1.5 Globally installed desalting capacity by process in 2002 (IDA, 2002). 
 
For all desalination technologies, costs have steadily decreased in the last decades. 
Generally, thermal desalination is more cost intensive than RO desalination. Typical 
production costs in 2005 for thermal desalination are about 0.65 to 0.90 US$/m
3
 




(GWI, 2005). The largest decrease in water desalination cost was achieved for RO 
desalination. This strong decrease was due to technological improvements of 
membranes, economy of scale, improvement of pretreatment options and the 
application of energy recovery systems (Alatiqi et al., 1999). The world’s largest RO 
desalination plant in Ashkelon, Israel, achieves a product water price of 0.53 US$/m
3
 
and that for the Tuas plant in Singapore, is below 0.5 US$/m
3
 (Fritzmann et al., 2007). 
However, thermal desalination processes still offer some advantages, for example, the 
ease of operation and production of better quality water, and these advantages need to 
be considered prior to the selection of the most effective desalination process. 
Looking at the cost composition of a typical RO desalination plant (10 MGD, Sabha 
A, Israel), energy is the main cost driver in the cost of operation as shown in Fig. 1.6. 
Cost of energy make up 26% of the total operating cost, which is second to fixed 
charges that mainly composed of the cost of capital (31%). While fixed charges 
depend largely on location of the desalination plant, more focus should be based on 
reducing the cost of energy for operation. An RO desalination plant can see its 
operating cost greatly reduced with the introduction of energy recovery systems. 
However, there is a limit as to the amount of energy that can be recovered from the 
operation. Therefore, there are recently a greater interests in the study of other novel 
technologies, which are capable of producing high quality water at a small fraction of 
the energy cost compared to the RO desalination, that can ultimately be used to 
replace, if not compete, the current industrial-scale desalination technologies. 






Figure 1.6  Cost of operating a typical RO desalination plant (Ebensperger and Isley, 2005). 
 
One of such novel technologies that could potentially be used for desalination is the 
forward osmosis (FO) process. A comprehensive review on the previous works on the 
FO process will be provided in the subsequent section, followed by a detailed 
discussion on the modeling and application of the FO process for seawater 
desalination and water reuse. 
 
1.1.3  The FO Process 
Osmosis is the diffusion of water through a partially permeable barrier from a solution 
of low solute concentration (high water potential) to a solution with high solute 
concentration (low water potential). The inherent energy of this natural process is 
known as the chemical potential, or specifically the water potential, due to the 
difference in concentration of the two solutions.  
In order to oppose the movement of water, osmosis may be countered by increasing 
the pressure (∆p) in the region of high solute concentration with respect to that in the 
low solute concentration region. This is equivalent to the osmotic pressure of the 




solution. The osmotic pressure difference (∆π) or gradient is a measure of the driving 
force of water transported from a solution of low solute concentration across a 
membrane into a solution of high solute concentration. Hence by calculating ∆π, it is 
then possible to determine the driving force of the osmosis process. 
For almost five decades, osmosis has been studied for technological applications and 
is known as the forward osmosis (FO) or direct osmosis process. Recently, the FO 
process has emerged as a possible alternative technology for desalination due to its 
lower energy requirement as compared to both thermal and RO desalination processes 
(McGinnis and Elimelech, 2007). Other than this potential, it is also being fervently 
studied for use in various other applications such as wastewater treatment, landfill 
leachate treatment, food processing and juice concentration, pharmaceutical 
applications and even in power generation (Cath et al, 2006). Further review will be 
given in the next chapter.  
FO process is similar to the more common reverse osmosis (RO) process in that both 
the processes utilize the transport of water across a semi-permeable membrane. 
According to Fig. 1.7, the FO process (Fig. 1.7a) employs a negative ∆π for the 
transport of water from the feed side (lower solute concentration) across the highly 
selective membrane, into the brine side, until ∆π becomes zero, with the rate of water 
transport proportional to ∆π. As for the RO process (Fig. 1.7c), an external hydraulic 
pressure (∆p), which is larger than the opposing ∆π, is used as a driving force, with 
the rate of water transport proportional to the difference in ∆p and ∆π. In another 
situation (Fig. 1.7b) which is used for power generation under ∆p > ∆π condition, the 
driving force is capable of overcoming ∆p for the transport of water into the brine 
solution. 





          (a) FO         (b) PRO       (c) RO 
 
Figure 1.7 Water flow in forward osmosis, pressure-retarded osmosis and reverse osmosis. 
 
In the next chapter, an in-depth literature review will be conducted chronologically to 
exhibit the research being conducted on the FO process and identify further research 
required. The focus of this literature review will first give a chronological outline of 
previous studies conducted on the FO process, commenting on the various benefits of 
each studies on future works. Following that, a greater emphasis will be to critically 
review previous studies on 1) fundamental FO studies on process modeling; 2) the 
viability of various draw solutions previously used; and 3) feasibility of various 
proposed applications for the FO process. 
1.2 Problem Statement 
The forward osmosis (FO) process is a membrane process that is a relatively new 
membrane technology as compared to other membrane processes. The FO process 
makes use of the osmosis phenomenon for the transport of water from a feed solution 
(low water potential) to a draw solution (high water potential) across a highly-
selective FO membrane. The driving force of this process is provided by the osmotic 
pressure difference between the feed and draw solution. An explanation on the FO 
process is provided in Section 1.1.3. More importantly, the FO process is recently 
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explored as an alternative to other membrane processes because of its various 
advantages. 
In the context of applying FO process in water and wastewater treatment and 
desalination, FO process is usually compared with RO process because both processes 
utilize highly-selectively membranes as salt barrier with similar solute rejection 
performances. Apart from the fact that both processes have similar performances, FO 
process has various advantages over RO process. Firstly, since FO uses osmotic 
pressure difference between the feed and draw solution as driving force, as opposed to 
the hydraulic driving force used in RO, it can be easily recognized that FO has lower 
energy consumption when compared to RO. Secondly, as the feed solution side of the 
FO membrane is not pressurized, membrane fouling is expected to be minimized, 
hence FO membrane is considered to be of lower fouling propensity when compared 
to RO. As such, the FO membrane is expected to have longer lifespan than current 
RO membranes, thereby reducing membrane replacement and chemical cleaning cost. 
These advantages of FO worked out to be competitive and possibly lower operating 
cost when compared with RO in water treatment processes. Other benefits of FO are 
further evaluated in Chapter 2. 
Having commented on the distinguish advantages of FO over current membrane 
processes, especially its lower operating cost, a more thorough evaluation on the 
feasibility of the FO process need to be conducted, in order to understand FO 
limitations in water treatment processes. From there, a systematic review on previous 
literature was conducted and various methods employed by other researchers to 
overcome these challenges and limitations were evaluated and constructive solutions 
were adapted in this course of research to further improve and develop a feasible FO 
system for adaptation for the future in water treatment. 




Several challenges of the FO process need to be overcome with small/laboratory-scale 
testing and theoretical modeling prior to future larger-scale FO testing. Among the 
challenges, the most notable ones include limited knowledge on theoretical modeling 
and prediction of FO performances, lack of an ideal FO draw solution, limited data to 
evaluate the feasibility of FO applications, and lack of comprehensive analysis of 
energy and cost comparison with existing technologies. These challenges posed very 
important problems with respect to utilizing the FO process as a choice process for 
future development and commercialization. Therefore, it is the task of my PhD 
studies to study and investigate these challenges and systematically evaluate the 
feasibility of the FO process in water and wastewater treatment. 
FO process modeling allows researchers to predict water flux for an FO operation 
with different FO membranes, feed and draw solutions, and operating conditions 
without actually conducting a physical experiment. This is especially vital when 
selecting a draw solution and for scaling-up of the FO process. The challenge of 
predicting flux for the FO process effectively and accurately is the selection of an 
accurate model suitable for a wide range of testing conditions. In membrane processes 
modeling, especially for FO, the external concentration polarization (ECP) effect, the 
internal concentration polarization (ICP) effect and the membrane permeability have 
to be considered and their models have to be developed separately before combining 
them to allow for accurate flux prediction in the FO process. Currently, few FO 
models were proposed for modeling the FO process. Applications of these models 
were limited and not extensively verified with experiments. Therefore, there is a need 
to further validate these models and if found to be lacking, improved models shall be 
proposed in this thesis. 




In most of the previous FO studies that I had reviewed in Chapter 2, many had used 
either sodium chloride (NaCl) or glucose as the solutes to prepare the FO draw 
solution. The focus of these studies were on the performance of FO membrane, 
evaluating the ability of FO to extract water from the feed water (water flux) and the 
solute rejection achieved by the FO membrane. Draw solutions were selected based 
on the fact that they were easy to prepare and can achieve expected water flux range. 
However, these draw solutions were far from ideal as a post processing step need to 
be considered in order to extract potable water from the diluted draw solution. Also, 
the diluted draw solution needs to be reconcentrated for reuse back in the FO system. 
In one study, ammonia-carbon dioxide FO process was considered for seawater 
desalination. This system required thermal process to extract the product water and to 
reuse ammonia-carbon dioxide in the FO process. The system would be feasible 
provided waste heat of about 50
o
C was available. In view of such requirement, other 
draw solutions needed to be considered and thermal post-processing process could be 
replaced with an alternative. In this context, a FO system with an ideal draw solution 
that utilize comparable or lower energy than current technologies for water treatment 
may be feasible as an alternative. 
Taking into consideration the possibility of employing FO process in future water and 
wastewater treatment, a comprehensive study needs to be conducted to evaluate and 
compare the energy consumption, investment costs and operating costs to that of 
current technologies. This thesis will attempt to provide a complete assessment of FO 
in seawater desalination and compare with that of seawater RO process. Consequently, 
in view of the above FO challenges, this thesis emphasized on the importance of 
appropriate studies that need to be made for the FO process, in order to develop it into 
a membrane technology for full-scale application. Following work done by other 




researchers, more research efforts need to be done on the above-mentioned challenges. 
The objectives of this thesis as elaborated in the next section, will possibly, achieve 
the agenda of realizing the commercialization of the FO process for water and 
wastewater treatment. 
1.3 Research Objectives 
The main focus of this PhD research thesis is to study the feasibility of the FO process 
for water and wastewater treatment using both theoretical tools and experimental 
results. This thesis is separated into two phases, as illustrated in Fig. 1.8, with each 
phase focusing on different aspects of fulfilling the main objective of this thesis.  















Figure 1.8 Structure of research objectives in two study phases. 
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In Phase I, the main aim was to develop a theoretical tool for FO process modeling 
and performance prediction based on fundamental fluid mass transfer mechanics. 
Concurrently, simple laboratory-scale experiments were conducted to obtain 
parameters and to verify the developed models. An outline of all the goals in Phase I 
is given as follows. 
P1-I: To validate the accuracies of previously developed ECP and ICP models for 
FO process using results obtained from experiments with varying operating 
conditions. 
P1-II: To develop more accurate ECP model under varying operating conditions, and 
to validate its accuracy with experimental results and compare with previous 
model. 
P1-III: To improve on previous ICP model under varying operating conditions, and to 
validate its accuracy with experimental results and compare with previous 
model. 
P1-IV: To develop more comprehensive FO models that allow performance 
predictions for different draw solutions. 
In Phase II, the main objective was to evaluate the feasibility of FO process for water 
and wastewater treatment. With the aid of FO models developed in Phase I, various 
draw solutions were used in the models to shortlist the ones that were suitable for FO 
process and the most ideal draw solution was selected. Coupled with the selection of a 
draw solution, the post-treatment process to extract water from the diluted draw 
solution and also to reconcentrate the diluted draw solution for reuse was also 
considered. A hybrid system comprising of FO and a post-treatment process – 
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nanofiltration (NF) was proposed. Furthermore, various applications of FO, especially 
water and wastewater treatment, was considered and their feasibilities studied. An 
outline of all the goals for Phase II is given as follows: 
P2-I: To shortlist and select the most appropriate draw solution for the FO process 
based on water flux and solute rejection by the FO membrane. 
P2-II: To shortlist and select the most appropriate draw solution for a hybrid FO 
system by considering nanofiltration (NF) as the post-treatment process, in terms of 
water flux and solute rejection by the NF membrane. 
P2-III: To evaluate the feasibility of using the hybrid FO-NF system for seawater 
desalination based on energy consumption and operational cost. 
P2-IV: To evaluate the feasibility of using the hybrid FO-NF system in a membrane 
bioreactor (herein known as FO-MBR-NF system), for the treatment and reclamation 
of domestic wastewater to produce high quality product water. 
1.4 Organization of thesis 
The subsequent parts of this thesis are sub-divided into the following chapters: 
Chapter 2 – Literature review 
This chapter presents a comprehensive review of published literatures, covering the 
fundamentals studies conducted on the FO process. These include process modeling, 
draw solution studies, membrane studies and process applications. Discussions are 
focused mainly on the main challenges of FO, including a comprehensive review of 
previous FO modeling studies, previous draw solutions selected, and FO applications 
in water and wastewater treatment.  
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Chapter 3 – Materials and methods 
This chapter describes the methods and chemicals used in this FO study. These 
include: theoretical analysis using computer software, laboratory-scale systems, 
chemicals to prepare solutions and equipment used for analysis. 
Chapter 4.2-4.6 – External and internal concentration polarization models for flux 
prediction in forward osmosis process 
Theoretical models for both ECP and ICP were developed to improve on current FO 
models for flux prediction. These models will be extended to various draw solutions 
and the robustness and accuracies will be validated using laboratory-scale 
experimental data. 
Chapter 4.7 – Selection of an ideal draw solution for the forward osmosis process 
Based on the flux prediction obtained from developed models in Chapter 4, various 
draw solutions were considered for the FO process. The ideal draw solution were 
selected based on experimental water flux obtained and also depends on the draw 
solute rejection by the FO membrane. NF process was considered as a possible post-
treatment process and the draw solution was also selected based on the performance 
of this draw solution in the NF process. 
Chapter 4.8 – Feasibility of hybrid FO-NF system for seawater desalination 
In this chapter, the feasibility of a hybrid FO-NF system for seawater desalination was 
evaluated based on the predicted energy consumption of the system. The energy 
consumption of this system was compared with various existing technology, 
particularly reverse osmosis. A water production cost analysis was also conducted. 
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Chapter 4.9 – Feasibility of FO-MBR with NF system for domestic wastewater 
treatment for the production of high quality product water 
In this chapter, a hybrid FO-MBR process with NF as the post-treatment process was 
considered for the treatment of domestic wastewater. It was expected that a high 
quality product water can be produced after the NF post-treatment process. A 
feasibility study was conducted to investigate the performance of the FO-MBR 
process and also to establish various operating parameters of this process. 
Chapter 5 – Conclusions and recommendations 
This chapter summarizes the major conclusions derived from this study. Based on the 
experimental findings obtained from this study, recommendations are also provided 
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CHAPTER TWO – LITERATURE REVIEW 
This review of all previous works conducted by the global forward osmosis (FO) 
research community is presented in a chronological way to facilitate readers to follow 
the research trend and progress of FO. At the same time, this review aids all readers to 
clearly identify the more important challenges in FO, which need to be systematically 
engaged and overcome prior to future large-scale study of FO system on its feasibility 
in terms of water and wastewater treatment. This review attempts to be 
comprehensive but one must understand that research in FO is not limited to only 
applications mentioned in this thesis. 
The author recommends readers, who are first introduced to FO, to a review scientific 
paper conducted by Cath et al. (2006), which introduces the principles and 
development of FO up till the year 2006. Very importantly, the author of this thesis 
not only summarizes previous works conducted by other researchers on FO, the 
author also included personal review, thoughts, comments and questions, which are 
directed to own self in order to maintain a clear, concise and carefully constructed 
train of thoughts on the challenges of FO. The review not only presented findings 
published more than 40 years ago (Batchelder, 1969; Glew, 1969), but also included 
findings from recent studies right up to November 2010.  
First, the author will explain the basic principles and fundamentals of FO as a 
membrane process. Following that, the author will review on various works that are 
topics specific such as the membrane and modules of FO, the effects of concentration 
polarization, the various draw solutions employed, and the proposed applications of 
FO 
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in particular to water and wastewater treatment. Finally, challenges to expanding the 
feasibility of FO and research needs will be laid down. 
2.1 Basic principles of FO 
Osmosis is the diffusion of water through a partially permeable barrier from a solution 
of low solute concentration (high water potential) to a solution with high solute 
concentration (low water potential). The inherent energy of this natural process is 
known as the chemical potential, or specifically the water potential, due to the 
difference in concentration of the two solutions. Figure 2.1 shows the transport of 




Figure 2.1 Transport of water molecules across the FO membrane.  
(a) Osmosis taking place; (b) Process at equilibrium. 
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In order to oppose the movement of water, osmosis may be countered by increasing 
the pressure (∆p) in the region of high solute concentration with respect to that in the 
low solute concentration region. This is equivalent to the osmotic pressure of the 
solution. The osmotic pressure difference (∆π) or gradient is a measure of the driving 
force of water transported from a solution of low solute concentration across a 
membrane into a solution of high solute concentration. Hence by calculating ∆π, it is 
then possible to determine the driving force of the osmosis process. The general 
equation describing the water transport in FO, RO and PRO is given as: 
                    (1) 
The symbols used in all equations in this thesis are according to the symbols given in 
Nomenclature. According to Eq. (1), the direction of water transport, i.e., from feed 
solution to draw solution or vice versa, is dependent on the direction given by 
     . When ∆π is larger than ∆P (or when ∆P is zero), water is transported from 
the feed solution side to the draw solution side (as in FO process). On the other hand, 
when ∆P is larger than ∆π, then water is transported in the same way as RO. Flux 
directions and driving forces for these three processes were first demonstrated in the 
1980s by Lee et al. (1981). The water flux direction in FO, PRO and RO are as 
illustrated in Fig. 1.7. Figure 2.2 illustrate the direction and magnitude of water flux 
as a function of ∆P in FO, PRO and RO. 
The author felt that although the basic principles of FO had been demonstrated as 
early as in 1981 and that subsequent literature review established that applications of 
FO were proposed as early as in the 1960s, not much research emphasis on FO was 
given. This may be due to the fact that during the period from 1960s to 1990s, RO 
was the choice process for research based on the two main advantage/assumption of 
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obtaining high quality permeate from a single process system and of much lower 
energy consumption than thermal processes. Given the fact that the RO technology 
had matured significantly and with current global energy strain, FO has now taken 
over the research emphasis, with possibly lower energy consumption than RO. 
 
 
Figure 2.2 Direction and magnitude of water as a function of ∆P. Figure adapted from Lee et 




Water flow against osmotic 
pressure, ∆π, into permeate. 
Water flow naturally due to osmotic 
pressure, ∆π, from feed into draw 
solution. 
CHAPTER TWO – LITERATURE REVIEW 
FORWARD OSMOSIS MEMBRANE AND MODULES 
28 
 
2.2 FO membrane and modules 
2.2.1 FO membrane 
Prior to the development of the specific-use FO membrane, all studies in the 1970s to 
1980s involving FO or PRO processes utilized RO membranes for experiments. 
Among the early few researchers working on FO, notable experiments conducted by 
Votta et al. (1974) and Anderson (1977) for treatment of wastewater, and Kravath and 
Davis (1975) for seawater desalination were all conducted with commercial RO 
membranes. Other important studies in the 1970s include that of Mehta and Loeb 
(1978, 1979), where they studied PRO and FO processes using commercial RO 
membranes. From these studies, one conclusion was identical in all the studies, where 
water fluxes of these FO and PRO processes using RO membranes were generally 
low and ineffective in those applications intended. Therefore, one can observe that the 
very first breakthrough required in FO research was to develop a novel FO membrane 
with high water flux and salt rejection. 
Up till today, there is only one commercially available FO flat sheet membrane 
commercially available. This membrane was developed by Hydration Technology 
Inc., (HTI) in the 1990s and Fig. 2.3 shows the SEM picture of the membrane 
structure. From then onwards, most studies were conducted with this FO membrane 
by various research groups, and many reported valuable results on FO for their 
intended applications. 
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Figure 2.3 SEM showing the internal structure of the FO membrane (McCutcheon et al., 
2005). 
 
Figure 2.3 shows that the FO membrane has a polyester mesh embedded between the 
cellulose triacetate (CTA) material for mechanical support, as opposed to a thick 
support layer typically found in RO. With a thickness of about 50µm, it was purported 
to reduce the effect of internal concentration polarization (ICP) effect due to the thick 
porous support layer of conventional RO membranes. This membrane was an 
improvement made to the FO membrane previously used in hydration bags marketed 
by HTI (HTI, 2008). Ng et al. (2006) compared the fluxes for both FO and RO 
membranes and concluded that FO had higher water flux due to the reduced severity 
of the ICP effect occurring within the porous support matrix of the membranes. Most 
FO studies before the year 2008 had relied on the HTI FO membrane in all their tests, 
simply because it was at that time the only commercially available FO membrane. 
With more results obtained, many researchers found that the FO membrane could be 
further improved to minimize ICP effect, so as to maximize the driving force 
provided by the draw solution. In recent years, several studies on new FO membranes 
were conducted, some with enhanced performance than that of the HTI membrane. In 
effect, the desired characteristics of FO membranes should compose of a thin highly 
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selective layer for effective rejection of solutes except water, a thin porous support 
matrix that has sufficient mechanical strength and minimal ICP effect, and also must 
be low fouling. The following paragraphs in this section reviewed these studies. 
AS mentioned earlier, FO membranes played a very important role on the realization 
of the FO process, in which the osmosis phenomenon depended largely on the 
separation of solutes on both side of the membrane (highly selective membrane). In 
view of the need to produce FO membranes to fulfill research requirements, several 
researchers conducted studies to fabricate novel FO membranes. Typically, highly 
selective membranes were mainly in the flat sheet and hollow fiber configurations. 
Hollow fiber membranes had higher potential than that of flat sheet membranes due to 
their higher surface area to volume ratio, as well as their self-supporting capability. 
Recently, the potential of polybenzimidazole (PBI) NF hollow fiber membrane as a 
forward FO membrane was investigated (Wang et al., 2007). PBI was chosen because 
of its unique nanofiltration characteristics, robust mechanical strength and excellent 
chemical stability. MgCl2 and other salts were tested to determine both the water and 
salt permeability across the membrane. High water permeation and excellent salt 
selectivity were achieved by using the PBI NF membrane, therefore it was a 
promising candidate as a FO membrane. However, as it is a NF membrane, its use is 
limited to the utilization of macromolecules or divalent ionic solutions in both feed 
and draw solutions, and not applicable for seawater desalination or other feed source 
containing monovalent ionic solutions. Also, the asymmetric structure in hollow fiber 
membranes causes significant internal concentration polarization within the porous 
layer of the membrane. A sample SEM picture showing the morphology of the 
membrane is shown in Fig. 2.4. Subsequent, as can be seen in the next few paragraphs, 
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the same research group conducted further work on the same type of membrane to 
improve on the performance of this type of membrane. 
 
 
Figure 2.4 Cross-sectional morphology of the PBI hollow fiber FO membrane (Wang et al., 
2007). 
 
Based on a couple of previous studies regarding PBI NF hollow fiber membrane for 
cephalexin and electrolyte separation, the pore size distribution of the membrane can 
be easily controlled by surface modification of the PBI material (Wang et al., 2006; 
Wang and Chung, 2006).  In another study conducted by the same research group 
(Wang et al., 2009), similar PBI NF hollow fiber FO membrane was fabricated, which 
had thin-wall, and the PBI polymer was chemically modified by surface modification 
to enhance its performance in FO application. To improve the separation of 
electrolytes (usually multi-valent electrolytes such as MgCl2, MgSO4 and Na2SO4) 
and low molecular weight solutes, mean effective pore size of the PBI membranes 
were modified to achieve as low as 0.29 nm diameter, with a molecular cut-off of 354 
Da. Surface modification of the PBI membrane can be easily achieved by soaking the 
fabricated membrane in p-xylylene dichloride for a pre-determined amount of time.  
Based on their results and depending on the degree of surface modification, as high as 
95% rejection of MgCl2 (at 1.0M feed) can be achieved as compared to unmodified 
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PBI membrane with only 75% rejection. However, flux performance was 
compromised with about one third the permeation flux as compared to the unmodified 
PBI membrane, due to the tighter membrane allowing lower water transport. From the 
conclusion obtained from this study, the PBI NF hollow fiber FO membrane may be 
applicable for water recovery from wastewater and seawater desalination, depending 
on the degree of surface modification. Although the rejection of electrolytes has 
improved, more work need to be conducted to reduce internal concentration 
polarization. Unfortunately, the author of this thesis felt that the application of such 
membrane, especially in wastewater and desalination, is limited due to the fact that 
the membrane pore size is still too large for effective removal of electrolytes and 
solutes which include mono-valent electrolytes and low molecular weight solutes. On 
a personal note, FO membranes need to be highly selective by its active layer for 
effective application in this field of work. 
In another recent study conducted by the same research group, the research group was 
aware that PBI NF hollow fiber FO membrane might not be applicable for wastewater 
treatment and seawater desalination, due to the low rejection towards mono-valent 
electrolyes (Yang et al., 2009). Hence, they shifted their focus on the membrane’s 
application to one that is more suitable, especially for the dehydration of 
pharmaceutical products provided that the feed solution contains multi-valent 
electrolytes or large molecular weight solutes. Pharmaceutical products are usually 
labile and heat sensitive. Separation via thermal process may denature these products; 
hence athermal separation processes are preferred. Among them, FO should be 
explored for this purpose because it uses less energy and also less damage to pressure-
sensitive pharmaceutical products. To summarize the findings in Yang et al. (2009), 
they demonstrated that a dual-layer polybenzimidazole-
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polyethersulfone/polyvinylpyrrolidone (PBI-PES/PVP) hollow fiber NF membrane 
may be used for the enrichment of pharmaceutical products, with lysozyme as the 
model solute, in a FO process. The cross-sectional morphology of this type of 
membrane is shown in Fig. 2.5. This membrane has an average pore size of 0.8 nm 
diameter and is capable of lysozyme enrichment with about 90% rejection of Mg
2+
 
ions, which was used as draw solution. Very importantly, low protein fouling of the 
membrane was observed in the process. It was noted by the author of this thesis that 
such an application outside of water and wastewater treatment may be suitable for FO 
due to the fact that the solutes to be encountered are highly specific, unlike those that 
are found in seawater or wastewater. However, another challenge of this application is 
to be capable of removing the 10% Mg
2+




Figure 2.5 Cross-sectional SEM image of dual-layer PBI-PES/PVP hollow fiber NF 
membrane (Yang et al., 2009). 
 
 
Following the limited success of using PBI NF hollow fiber NF membrane for FO 
processes, the same group of researchers decided on using an alternative membrane 
material to fabricate the NF hollow fiber membrane for FO uses (Su et al., 2010a). 
Cellulose acetate (CA), a common but primitive polymer used in conventional NF and 
CHAPTER TWO – LITERATURE REVIEW 
FORWARD OSMOSIS MEMBRANE AND MODULES 
34 
 
RO membranes, was selected for this purpose. CA is a relatively cheap polymer to 
use as compared to PBI and there were no previous study reporting the use of CA 
type of NF hollow fiber membrane for FO applications. Therefore, in their study, CA 
type of NF hollow fiber membrane was fabricated and tested in FO operations. Based 
on their results, following the heat treatment of these membranes, the mean pore size 
of one of their membrane can be as small as 0.60 nm in diameter, with a molecular 
cutoff of 186 Da. Reasonably high water flux can be achieved, with a pure water 
permeability of 0.47 Lm-2bar-1h-1 and solute rejection of 90.17% for NaCl and 
96.67% for MgCl2, when compared to their previous studies using PBI NF hollow 
fiber membranes. The research group suggested that this CA type of NF hollow fiber 
membranes can be used for FO processes that include the concentration of various 
feed solutions. One can recognize the enormous effort and progress made in 
fabricating NF hollow fiber membranes for FO processes in terms of water flux and 
rejection performances. However, in most, if not all, FO applications for water and 
wastewater treatment, the ideal FO membrane need to have a highly selective layer 
for rejecting or retaining solutes on both of the membrane. Even though a rejection of 
above 90% for NaCl is commendable for NF membranes, it is still too low for 
seawater desalination due to two reasons. Firstly, for seawater desalination, when we 
take seawater RO as example, the process is capable of removing above 97% (or 
higher) of salt from the permeate, thereby producing a high quality water. Similarly, 
FO desalination must also achieve such a rejection. Secondly, the FO membrane must 
be capable of retaining more than 99% of draw solute within the draw solution, 
otherwise the amount of draw solute lost into the feed and the cost of topping up this 
solute with fresh ones will be enormous. Therefore, research trend on FO membrane 
should be focus on highly selective membrane. 
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On a further extension of the study using CA type NF hollow fiber membrane, CA 
flat sheet NF membrane was fabricated, with similar results obtained for flux and 
rejection performances (Zhang et al., 2010). The notable finding in this study was the 
double dense-layer structure when glass plate was used as the casting substrate and 
water as the coagulant. This structure may be considered similar to the CTA 
membrane from HTI. Both these membranes have more open middle support layer 
within the cross section of the membrane, although the HTI membrane has a polyester 
mesh embedded in the middle to create the open structure. The CA membrane 
fabricated in Zhang et al. (2010) was casted directly and formed in one step. Although 
the CA membrane has a overall thickness of between 80 to 100 µm, which is similar 
to the HTI membrane, the mechanical strength of the CA membrane was not reported 
and most probably was not as strong as that of the HTI membrane. Finally, the highest 
NaCl and MgCl2 rejection obtained in this study was about 92.0% and 99.0%, 
respectively. This is a slight improvement over their previous CA NF hollow fiber 
membrane. However, as mentioned in the previous paragraph, ideal FO membrane 
need to achieve much higher salt rejections. 
Lastly, the same group had published one more research paper on CA FO membrane 
for pressure-retarded osmosis (PRO) application (Su et al., 2010b). The mean pore 
size of the membrane can be controlled and reduced by annealing the CA membrane 
at different temperature. Results in this study were largely similar to all their previous 
studies, and only MgCl2 was used for this study. Unfortunately, MgCl2 as feed and 
draw solute was unable to represent actual PRO operation as it was unlikely to be 
used. This study did not provide sufficient data to show and convince that such CA 
FO membrane can be used for PRO. In general, PRO membrane should be similar in 
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characteristics to FO membrane in that both must have high salt rejection and 
sufficiently high mechanical strength. 
It had been suggested that tubular/hollow fiber membranes may be most suitable for 
FO than flat sheet membranes because they are self-supporting and possess a flow 
pattern necessary for FO process (Xu et al., 2010), akin to a dialysis membrane that 
utilizes osmosis and diffusion for the transfer water and solutes respectively 
(Mallevialle et al., 1996). Also, it may be simpler to fabricate hollow fiber module 
with high packing density. Interestingly, another research group was recently working 
with a novel FO hollow fiber membrane (Wang et al., 2010; Chou et al., 2010). The 
FO hollow fiber membrane fabricated by this research group was of the thin film 
composite (TFC) type, whereby a polymeric (polyethersulfone or PES) substrate was 
used for spinning with either a single outer UF-type skin layer or a double UF-type 
skin layer. The highly selective layer can be formed on either the outer or inner skin 
layer by interfacial polymerization. According to Wang et al. (2010), the TFC FO 
hollow fiber membrane was capable of superior water flux and rejection performance 
as compared to current HTI CTA flate sheet membrane. This was because the UF-like 
support structure of the hollow fiber membrane has a porosity of between 75-84%, 
thereby reducing the effect of internal concentration polarization. According to 
comparison results reported in Wang et al. (2010) (Table 6 and 7 therein), the 
performance of one of their hollow fiber membrane fabricated in this study by far has 
the best performance among all FO membranes reported in literature. The author of 
this thesis, feels that this is a significant improvement in terms of fabricating hollow 
fiber FO membrane, especially for water and wastewater treatment. However, 
although mechanical strength data was reported in this study, it was unknown whether 
the mechanical strength reported was sufficient to withstand typical stress and strain 
CHAPTER TWO – LITERATURE REVIEW 
FORWARD OSMOSIS MEMBRANE AND MODULES 
37 
 
in FO operations. This issue need to be further looked into, so as to ultimately 
produce a novel FO membrane of superior quality. 
Furthermore, the research group extended their work by fabricating a TFC FO hollow 
fiber membrane without an outer UF-type layer (Chou et al., 2010). Membrane 
performance was superior than that of the membrane in their earlier study, but the 
mechanical strength was further reduced, possibly due to the lack of outer UF-type 
layer and presence of cracks on both inner and outer surface of membrane. 
Another major research group working on FO membrane first studied the influence of 
membrane support layer hydrophobicity on water flux in FO process (McCutcheon 
and Elimelech, 2008). They noted in various studies, the porous support layer caused 
a reduced water flux performance due to the severity of internal concentration 
polarization effect. The group demonstrated that the support layer hydrophilicity or 
wetting of FO membrane played a crucial role in mitigating the water flux in FO 
process. They compared typically more hydrophobic polyester and polysulfone 
support layer in TFC membrane with that of the more hydrophilic cellulosic support 
layer in CA membrane. Results indicated that the more hydrophilic the support layer 
is, the better the water flux performance. Various methods were used to improve the 
wettability of hydrophobic layer of membranes. Methods such as purging the air and 
vapor out of support layer, and use of surfactant, were used to improve wetting of the 
support layer. Flux performances were improved by these methods. Therefore, one 
can infer that ideal FO membranes should be made with thin support layer that is 
hydrophilic in nature. 
The same research group in year 2010 published a research paper on the fabrication of 
a high performance TFC FO flat sheet membrane (Yip et al., 2010). The TFC 
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membrane was fabricated with a polyester (PET) nonwoven fabric as a backing layer 
for the polysulfone (PSf) support layer. On top of the PSf support layer, interfacial 
polymerization was conducted to form a thin highly selective layer. In effect, this 
TFC FO membrane is similar to most TFC RO membrane in the market. The only 
difference between the TFC FO membrane and TFC RO membrane is the structure of 
the support layer. As shown in Fig. 2.6 (Yip et al., 2010), the porous support layer has 
finger-like projections that extends from the PET base upwards to the highly selective 
layer. This provide the membrane with sufficient mechanical strength and most 
importantly, the porosity of the TFC FO membrane is greater than that of TFC RO 
membrane, hence resulting in a reduce internal concentration polarization effect and 
thereby a higher flux performance. In fact, the water flux achieved by the TFC FO 
membrane was twice that of HTI FO membrane, under the same operating conditions. 
With such superior performance, the TFC FO membrane is being commercialized by 
Oasys Water Inc. for the purpose of developing lower cost desalination and water 
reuse processes (Membrane Technology, 2010). This is a major step in providing 
competitive FO membranes in the market for both end users and researcher purposes. 
The only drawback of using TFC (polyamide) FO membrane is the weak anti-
oxidation ability, as even very small amounts of free chlorine in contact with the 
membrane can result in rapid deterioration of the membrane. Also, the author of this 
thesis following the review of this paper had supposed that the this research group 
may have compared the TFC FO membrane performance with that of first generation 
HTI FO membrane, for the water flux and rejection reported in this study was lower 
than results obtained by the author in his own research. Similar tests were conducted 
by the author and results can be obtained in Chapter 4. 
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Figure 2.6 SEM micrograph of TFC FO membrane fabricated by Yip et al. (2010) showing 
finger-like projections in the support layer. 
 
Recently, other researchers had also explored the possibility of using carbon nanotube 
(CNT), incorporated into the membrane matrix, in FO membranes. It is worthy to 
note that CNT exhibits some unique properties, such as high permeability and 
selectivity, and are very well suited for desalination and related membrane separation 
processes. Several studies were conducted on the transport and separation 
performance of CNT-mixed matrix membrane (Ismail et al., 2009; Majumder and 
Ajayan, 2010) capable of separating salt from water. A simulation conducted by 
Corry (2008), showed that RO membranes incorporated with CNT can, in principle, 
achieve higher flux than existing RO membranes. Jia et al. (2010) conducted a similar 
work, which studied the transport phenomena of water and salt through CNT 
incorporated FO membranes using molecular dynamic simulation for FO desalination. 
Based on their results, it was found that CNT FO membrane is suitable for water 
desalination in FO in terms of water flux and salt rejection performance, whereby the 
water flux is superior to current FO membranes. As an added advantage, due to the 
cytotoxic nature of CNT, CNT FO membrane may have low fouling propensity. 
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Further development of CNT FO membranes should consider various factors such as 
vertical alignment, filling density, thickness and dispersion of CNT within the 
membrane matrix. 
2.2.2 Forward osmosis membrane modules 
Typically for membrane processes, various types of membrane modules are used for 
different applications, depending on the requirement for each process. Modules such 
as plate-and-frame, spiral-wound, tubular or hollow fiber, and bag configurations may 
be applicable. Likewise for FO process, the correct module configuration should be 
selected based on its intended application. Currently, the only commercially available 
FO membrane is flat sheet membrane (HTI), meaning to say the present membrane 
modules configuration should either be plate-and-frame or spiral-wound. According 
to the literature review in Section 2.2.1, hollow fiber FO membrane was being 
developed for the FO process and associated membrane module should accommodate 
the hollow fiber membrane (Yang et al., 2009; Zhang et al., 2010l; Wang et al., 2010). 
In fact, only a few studies were conducted on FO membrane modules with plate-and-
frame modules being popular for laboratory-scale research purpose due to the low 
cost and ease of setting up (Cath et al., 2005), and spiral wound modules being 
popular for immediate full-scale modules, owing to the popularity of spiral wound 
system in current RO operations and the ease of integrating into current spiral wound 
manufacturing (Mehta, 1982).  
The plate-and-frame membrane module has a simple design, with the membrane laid 
over a frame to secure it. Within the frame itself, there is an outlet port (also an inlet 
port if referring to FO) whereby permeate can flow out. The plate-and-frame module 
is immersed into the feed tank directly so that the outside face of the membrane is in 
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contact with the feed. Generally, as many as hundreds or thousands of plate-and-
frame modules, can be used together in a single tank. A typical example of using a 
plate-and-frame module is in a submerged membrane bioreactor. More information on 
the plate-and-frame FO module will be provided in the author’s research on forward 
osmosis membrane bioreactor. 
As the FO process is still considered a relatively new membrane technology, few 
studies were made on the FO membrane module. Foreman (1977) designed and 
patented a spiral wound membrane module for FO separation. The membrane module 
is made from at least one pair of spaced membrane sheets that are interposed between 
spaced porous material sheets. All of the layers of sheets are in turn spirally wound 
around an axially positioned hollow mandrel that has at least one internal flow 
blocking means. One or more modules can be maintained in a pressure tight, 
elongated housing to provide an operation where one fluid is passed through the 
mandrel portions and through the layers of a first porous material and the membrane 
envelopes while a second fluid can pass longitudinally through the container and 
through the spaced layers of the other porous material to result in an operation 
whereby one fluid stream will be concentrated and the other fluid diluted from the 
osmotic fluid flow passing through the membrane layers. Data had shown that the 
module was capable of efficient operation of the FO process although more data was 
required for further verification. Mehta (1982) similarly had designed a spiral wound 
FO membrane with the flow pattern of fluid through an unrolled spiral wound module 
as shown in Fig. 2.7. 
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Figure 2.7 Flow pattern in a spiral wound FO module. Adapted from Mehta (1982). 
 
In early 2010, Hydration Technology Inc. launched a series of new high performance 
FO membranes and modules under the OsMem family (Filtration & Separation, 2010). 
These products are suitable for municipal and industrial customers, including uses 
such as membrane bioreactors, oil and gas wastewater filtration, and hydration bags 
and cartridges. These products are versatile as their designs are the same as that of 
traditional membrane module sizes currently in the market. Certainly, the 
development and introduction of these products had indicated that FO application is 
becoming a reality. 
 




2.3 Concentration polarization in forward osmosis 
FO process modeling is a very important tool for process design and performance 
projection. FO modeling allows researchers to predict water flux for an FO operation 
with different FO membranes, feed and draw solutions, and operating conditions 
without actually conducting a physical experiment. This is especially vital when 
selecting a draw solution and for scaling-up of the FO process. The challenge of 
predicting flux for the FO process effectively and accurately is the selection of an 
accurate model suitable for a wide range of testing conditions. In membrane processes 
modeling, especially for FO, the external concentration polarization (ECP) effect, the 
internal concentration polarization (ICP) effect and the membrane permeability have 
to be considered and their models have to be developed separately before combining 
them to allow for accurate flux prediction in an FO process. 
The water flux, Jw, of the FO process is based on the differential flux across the 
membrane selective layer and is typically represented by the osmotic-pressure model, 
given as: 
)( ,, wfwdw AJ        (2) 
where wfwd ,,    is the effective osmotic pressure difference across the selective 
layer of the FO membrane. The osmotic-pressure model is used to account for the 
transport of water molecues across the selective layer of the membrane and is 
mathematically represented by Eq. (2). Both ECP and ICP have significant impacts on 
the FO process as they extensively reduce the effective osmotic pressure across the 
membrane, which has been demonstrated in several earlier studies (McCutcheon et al., 




2006; McCutcheon and Elimelech, 2006; Gray et al., 2006; McCutcheon and 
Elimelech, 2007). 
2.3.1 ECP 
All membrane processes suffer from ECP effect at the membrane interfaces that are in 
contact with the bulk fluids because a thin layer of fluid at the interface can get 
polarized. For a fluid flowing through a rectangular channel, a thin layer of fluid close 
to the fluid-channel interface will be in laminar flow regardless of the nature of the 
free stream (Welty et al., 2001). This thin layer is an interface between the membrane 
and the bulk solution. Within this thin layer of fluid, transport of water and other 
solutes are only based on convection (perpendicular to the membrane surface) and 
molecular diffusion. A concentration profile will develop and this phenomenon is 
known as ECP. Therefore, it is necessary to determine the overall mass transfer 
coefficient of the water molecules across the interface layer. 
In order to calculate the concentration of the solute at the membrane interface, film 
theory is widely used to describe the ECP, including the earlier modeling studies done 
by other researchers for the FO process (McCutcheon et al., 2006; McCutcheon and 
Elimelech, 2006). At steady state across the dilutive ECP on the draw solution of the 
FO operated in normal mode, the water flux, Jw, according to film theory is given as: 
dx
dC
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Since k depends strongly on the hydrodynamics of the system, it can be related to the 
Sherwood number, by 
hd
ShD
k        (5) 
The ECP layers for RO and UF processes have been well characterized by various 
researchers. However, no one Sherwood relationship used for the calculation of the 
mass transfer coefficient of the ECP layer could accurately describe all systems. In 
various reviews (Gekas and Hallström, 1987; van den Berg et al., 1998), no fewer than 
27 different Sherwood relations were provided. The more commonly used Sherwood 
relations to model ECP effects for RO and UF processes are given below (Mulder, 
1996): 
Laminar flow (Re ≤ 2100): 33.0)(Re85.1
L
d
ScSh h      (6) 
Turbulent flow (Re > 2100): 33.075.0Re04.0 ScSh       (7) 
Eqs. (6) and (7) had also been used to calculate the mass transfer coefficients for the 
ECP layer of the FO process. The first ECP model used to describe the impact of ECP 
in FO process was established by McCutcheon and Elimelech (2006). They adopted 
the ECP models typical used in reverse osmosis and ultrafiltration (Gekas and 
Hallström, 1987; van den Berg et al., 1998) for modeling the ECP effect in FO. Their 
results proved to be satisfactory for ECP layer that is developed under lower bulk 
NaCl concentration regime. 
However, Eq. (6) is a simplified theoretical model and Eq. (7) is an empirical 
Sherwood relations derived from experimental results obtained from UF experiments 
(Gekas and Hallström, 1987; Mulder, 1996) and are not necessary valid for modeling 




the ECP layer in the FO process. This is largely due to the fact that 1) UF membranes 
are porous and have relatively rougher surfaces than FO membranes on a microscopic 
scale, and 2) since the Sherwood number is linearly correlated to the frictional factor, 
the Sherwood relations for both UF and FO can be entirely different. Furthermore, it 
must be noted that Eq. (6) is only valid where the channel length is significantly 
larger than hydrodynamic flow development length, 0.029dhRe, and hence the mass 
transfer coefficient is valid only for cases where the length of the developing region is 
insignificant (van den Berg et al., 1998). In other words, the FO test cell was not 
sufficiently long enough in order for Eq. (6) to be accurate enough for modeling.   
In addition, Eq. (7) was developed by considering the large pressure drop along the 
flow channels in UF and RO process, which occurred particularly in the turbulence 
flow regime (van den Berg et al., 1998). This affected the magnitude of the frictional 
factor, which in turn, modified the Sherwood relations. However, in the FO process, 
the system was not hydraulically pressurized and hence there was insignificant 
pressure drop along the flow channel. It was also noted that there were no significant 
pressure drop measured along the flow channels, even at the higher crossflow rates 
(of up to 0.978 m/s) used in the experiments conducted in this study. This again 
indicated that Eqs. (6) and (7) qre not necessary valid for the FO process.  
 
Following the use of either Eq. (6) or (7), and with k determined from Eq. (5), Eq. (4) 







ratio of the dilutive ECP layer can be 
calculated for a given water flux, Jw, as follows: 
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, so that Eq. (8) can be combined with Eq. (2) to predict the water flux using 
only Cd,b and the calculated k. In this way, the ECP effect can be nullified according to 
McCutcheon et al. (2006) and  McCutcheon and Elimelech (2006). 
2.3.2 ICP 
When either the feed or the draw solution is placed against the porous layer of the FO 
membrane, the solute can enter and exit the porous layer of the membrane via 
convective water flux and direct diffusion. Since the solute cannot penetrate the dense 
selective layer of the membrane easily, it will result in a concentration polarization 
layer within the internal structure of the porous layer of the membrane, a phenomenon 
known as ICP. The ICP effect exhibits a more severe impact on the reduction of water 
flux in the FO process than the ECP effect due to the fact that there is also an axial 
flow of a salt solution at the porous side of the asymmetric FO membrane.  
For ICP modeling, a previously developed model using the convective-diffusion 
model had been used (Loeb et al., 1997; McCutcheon and Elimelech, 2006; Gray et 
al., 2006). An earlier work by Lee et al. (1981) derived an equation for the calculation 
of the concentrative ICP layer (i.e., FO in normal mode or PRO mode) using the 
convective-diffusion governing equations. However, the simplified form of the 
equation was only valid for small water flux. Subsequently, Loeb et al. (1997) used 
the following equations for dilutive (i.e., FO in reverse mode or FO mode) and 




concentrative ICP, respectively, which McCutcheon and Elimelech (2006) used to 
describe for the FO process. 
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However, K might not be a constant due to the fact that the diffusion coefficient term, 
D, is not a constant, particularly at a large solute concentration difference. Modeling 
using a constant K would thus under-estimate the impact of K on water flux and result 
in inaccuracy. 
Also, it was found that at a higher concentration of more than 1.0M NaCl for the draw 
solution and at higher water flux, the ECP and ICP models over-predicted the water 
flux across the membrane at the corresponding osmotic pressure (details shall be 
discussed in the Results and Discussion section). Hence, a more vigorous and 
accurate model to describe both the ICP and ECP layer is required. This is necessary 
as it is essential to have a more accurate model for flux prediction for process 
optimization, fouling studies, determining possible draw solutes with high osmotic 
pressure, treating potential feed streams, etc. 
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2.4 Draw solutions of forward osmosis 
As early as in 1965, the selection of a suitable draw solution was already identified as 
a main challenge for the effective application of FO. Batchelder (1965) added an 
easily removable gas, such as ammonia or sulfur dioxide, to a draw solution and used 
in the process whereby osmosis of pure water through a semi-permeable membrane 
was induced from the seawater feed. The suggested membrane to be used for this 
process was cellulosic in nature and the membrane used in this patent was carrot root. 
When the water body containing the removable solute was sufficiently dilute, the 
volatile solute was suggested to be removed by heating and/or air stripping to retrieve 
the pure water. However, the patent did not quantitatively determine the water flux 
across the membrane and the residual solute after the removal process. More 
importantly, Glew (1965) expanded on this idea by using a mixture of water with 
another gas such as sulfur dioxide or organic liquid such as aliphatic alcohols, to 
make the draw solution. The draw solution will then result in a net flow of pure water 
induced from the seawater across a semi-permeable membrane, after which the 
miscible gas or liquid will be removed from the draw solution by “standard means”. 
This was also the first suggestion on the removal and recycle of the draw solute in the 
process. However, no further information on the regeneration of draw solute was 
provided. 
Frank (1972) proposed using a precipitable salt such as aluminum sulfate, to be 
dissolved in the draw solution to generate a high osmotic pressure difference across a 
semi-permeable membrane for the FO process. After pure water passed into the draw 
solution chamber through the membrane from the seawater flow chamber to 
sufficiently dilute the draw solution, the draw solution was subsequently transferred 
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into another chamber where calcium hydroxide was dosed into the dilute draw 
solution, which led to the precipitation of aluminum hydroxide and calcium sulfate. 
The precipitate was then removed by standard methods leaving behind the fresh 
product water. Excess calcium hydroxide, still present in the product water after the 
precipitation step, can be removed by either dosing sulfuric acid or carbon dioxide, 
which would produce calcium sulfate or calcium carbonate precipitates, respectively. 
However, this process required additional solid removal. The membrane used in the 
patent was of similar characteristics to the Loeb–Sourirarjan (Baker, 2004; Sourirajan; 
1970) type cellulose acetate membrane. Water flux and salt rejection data were not 
presented. Unfortunately, the precipitable salt cannot be recovered for recycle of the 
draw solute. 
Kravath and Davis (1975) experimented with glucose as the draw solution and 
seawater as the feed solution, using a dialysis cell and hollow fiber cellulose acetate 
membrane.  Draw solution with glucose dissolved in seawater was also tested. Feed 
seawater would be passed through the dialysis unit and pure water would then 
permeate through the membrane, leading to the dilution of the glucose draw solution. 
Upon dilution, the salinity would be reduced to a level where ingestion would be 
possible for short term consumption. This concept was suggested as a possible use in 
emergency lifeboats in which seawater would be brought aboard a lifeboat and 
glucose would be added to create the draw solution. Draw solute removal was not 
considered because the solute was intended for ingestion. No water flux and salt 
rejection data was presented.  
Based on the concept proposed by Kravath and Davis (1975), Kessler and Moody 
(1976) suggested the use of a low molecular weight nutrient mixture to be stored on 
emergency lifeboats. Potable nutrient water can be extracted from feed seawater by 
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using a semi-permeable membrane and the draw nutrient mixture solution with 
sufficiently high water flux across the membrane with relatively low saline 
concentration in the product nutrient water. 
Following the use of low molecular weights draw solutes by Kravath and Davis (1975) 
and Kessler and Moody (1976), Stache (1989) designed a semi-permeable membrane 
bag containing a concentrated fructose or glycine as the draw solution. When the feed 
side housing of the bag was placed in contact with saline water, pure water diffused 
through the membrane and diluted the concentrated fructose or glycine solution, 
producing a nutritious drink for consumption. Fructose or glycine was used because 
of their relatively high ‘osmotic efficiency’, namely they were highly soluble and 
could generate a large osmotic pressure. This invention was the first design that could 
be commercially produced for use which was particularly useful for campers and in 
emergencies. For repeated use, additional concentrated fructose solution was needed. 
Where glucose or other simple sugars were used as the draw solute, the diluted draw 
solutions were all intended for direct consumption. These draw solutes therefore 
could only be offered as a temporary alternative to potable water source. 
Recently, McGinnis (2002) suggested a two-stage FO process for recovering potable 
water from seawater or wastewater. The two-stage FO process took advantage of 
solutes having highly temperature dependent solubility, in this case potassium nitrate 
(KNO3) and sulfur dioxide (SO2), as well as the relatively temperature indifferent 
solubility of NaCl (aq), the primary solute present in seawater. Potable water was 
generated from a feed solution through the application of thermal and osmotic 
conditions of multiple solutions in a series of reactions which resulted in the passage 
of water from one solution to another through semi-permeable membranes. Seawater 
is heated and fed to the FO membrane unit where a heated solution of saturated KNO3 
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serves as the draw solution. Pure water would permeate through the semi-permeable 
membrane by forward osmosis. The diluted draw solution was then sent to a new 
chamber where it is cooled by incoming seawater, which is simultaneously heated to 
the appropriate feed temperature. Upon cooling, a significant portion of the KNO3 
precipitates out of the draw solution, which was with less osmotic pressure and was 
then being fed to the second stage as the feed solution. The second stage FO unit used 
dissolved SO2 as the draw solution. The diluted KNO3 solution had a low osmotic 
pressure as compared with the saturated SO2 solution, and water again diffused across 
the membrane while the KNO3 was rejected. The sulfur dioxide was then removed 
through standard means, leaving potable water. All solutes were recycled in the 
process. Using SO2 alone was not ideal since it was not able to generate enough 
osmotic pressure for a good recovery. 
Following which, McGinnis and co-workers developed a FO process that utilized the 
combination of ammonia and carbon dioxide gases in specific ratios that created a 
highly concentrated draw solution of which the dissolved gases can be thermally 
removed (McCutcheon et al., 2005; McCutcheon et al., 2006). This approach 
produced FO draw solutions with osmotic pressures in excess of 250 atm, allowing 
high recoveries of potable water from saline feed solutions. The performance was 
reported to be comparable to RO while the cost was estimated to be much lower. 
Although limited experimental data were available, they concluded that FO process is 
a viable desalination method.   
Magnetoferritin was also considered as a draw solute for the FO process 
(NanoMagnetics, 2005). When adequate Magnetoferritin was added to the draw 
solution, sufficient osmotic pressure would be created which would induce pure water 
to pass through a semi-permeable membrane from the feed seawater. After which, 
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Magnetoferritin could be recovered and recycled by using a magnetic field for 
separation from the product water.  No further data on the performance was given and 
unfortunately, the company had since ceased operations. A recent search on the 
World Wide Web had revealed a company by the name of Apaclara (2006) which had 
interest in using the said technology for FO applications. No further information was 
provided. 
More recently, especially in the past 3 years, the selection of an appropriate draw 
solution was focused on solutes that can yield high water flux and at the same time 
with low reverse solute permeation through the FO membrane. This is very important 
because the lost of draw solute by way of reverse salt transport into the feed water 
may contribute greatly to the operating cost of FO operation. McCormick et al. (2008) 
investigated the performance of using ethanol solution as a draw solution in FO with 
an ion-exchange membrane for retaining ethanol in the draw solution and rejection 
electrolytes from the feed water. It was noted that water-ethanol selectivity need to be 
increased between 1 and 2 orders of magnitude in order to minimize the loss of 
ethanol. In addition, electrolyte transport were only 1-3 orders of magnitude lower 
than water transport and this need to be decreased further. Hancock and Cath (2009) 
conducted a broad study on the effects of operating conditions on FO feed and draw 
solutes. Results indicated that reverse solute transport through commercial FO 
membrane ranges between 80 to almost 3,000 mg per liter of water produced. The 
significance of this study was that divalent solutes were found to have low permeation 
rates than that of monovalent or uncharged solutes. More recently, two separately 
studies were published at the same time, with the first focusing on electrolyte draw 
solutions (Achilli et al., 2010) and the other on an organic draw solution (Yen et al., 
2010) for FO operation. In the first study, a protocol for the selection of appropriate 
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inorganic draw solutions was developed. Out of the 14 draw solutions shortlisted by 
the protocol, 7 draw solutions were deemed to be appropriate based on modeling and 
laboratory testing. MgCl2 was identified as the most appropriate draw solute for FO. 
However, most of the results presented were based on modeling with limited 
experimental study. The author of this thesis following his work on FO modeling, 
conducted a series of experimental studies on FO draw solutions. Conclusion obtained 
from this study was different from Achilli et al. (2010), but both agreed that multi-
valent draw solutes proved to be more appropriate based on various reasons to be 
discussed later. In the second study, 2-Methylimidazole-based organic compounds 
were studied as draw solutes for FO process (Yen et al., 2010). These solutes have 
good solubility, and by controlling the molecular size and charges on the compounds, 
water flux can be optimized. However, large molecules can cause severe ICP effect 
and hence reduce overall performance. Lastly, the compounds can be recycled by 
using a hybrid forward osmosis-membrane distillation process. 
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2.5 Proposed applications of forward osmosis 
Recent interest over the use of FO for water and wastewater treatment can be due to 
two major advantages over current technologies. Firstly, because of the nature of the 
driving force used in FO − osmotic as opposed to hydraulic driving force, FO utilizes 
lower energy consumption than that of current technologies. Secondly, because the 
flow channels in FO modules are not pressurized, FO membrane is expected to have 
lower fouling propensity than current membrane technologies (Cornelissen et al., 
2008; Mi and Elimelech, 2008; Mi and Elimelech, 2010; Tang et al., 2010; Lee et al., 
2010). All in, these two benefits called for FO to be considered for further 
commercial and large-scale utilization, which explains the vast interests and rapid 
development in the research community. Proposed applications for FO include 
seawater desalination, wastewater reclamation, pressure-retarded osmosis and other 
related applications. Literature review in this section will focus on these proposed 
operations. 
2.5.1 Forward osmosis for seawater desalination 
Even though many of the earlier studies as mentioned in the previous section on the 
draw solution of the FO process were aimed at seawater desalination, most of them 
have not matured or proven feasible. Kravath and Davis (1975) studied the 
desalination of the Atlantic Ocean seawater by FO using cellulose acetate flat sheet 
and hollow fiber membranes with glucose solution as the draw solution. Kessler and 
Moody (1976) compared the water flux of theoretical models with experimental 
results of batch FO desalination process. Both groups of researchers suggested that 
FO could be used for batch seawater desalination, especially as an emergency source 
of water in emergency lifeboats.  
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Yaeli (1992) applied the FO process as a pretreatment step to a low pressure RO 
process and used glucose as a draw solution for the FO process. The diluted draw 
solution from the FO process was fed to an RO unit, where a low pressure RO 
membrane separated potable water from the diluted glucose draw solution. Since 
glucose has a relatively large molecular size, a loose RO membrane can be used. The 
retentate of the RO process, which is a concentrated glucose solution, may be 
recycled as a draw solution for the FO process, where the process starts again. The 
two-stage process is capable of yielding larger throughputs with the same mechanical 
pressure, thereby achieving lower cost per unit yield. In addition, the membrane and 
equipment costs are substantially reduced since no mechanical pressure is used in the 
FO stage; while in the RO stage where hydraulic pressure is used, the equipment has 
to deal with larger molecular weight solutes. Hence, this system is theoretically more 
energy efficient than a single RO process for desalination. The foregoing advantages 
make the process useful for the desalination of seawater having relatively high 
concentrations of salts, or of saline water having lower concentrations of salts but still 
not suitable for drinking, agriculture, or industrial purposes.  
HTI (2005) developed an innovative device known as the FOPRO (Forward Osmosis 
Pressurized Reverse Osmosis). A closed cylindrical housing assembly has a FO end 
and a RO end, with a piston or baffle assembly located between the FO end and the 
RO end. When water permeates through the FO membrane from the sea water or 
brackish water to an osmotic agent (eg. brine, sodium chloride, potassium chloride, 
dehydrate sea salt, an inorganic salt, etc), hydraulic pressure will be generated and the 
piston or baffle will be pushed ahead. It acts to transmit hydraulic pressure generated 
by the FO element to drive a RO process, wherein the RO process (not needing 
external energy to run pumps) can separate salt from salt water to generate potable 
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water from water with high salt content (such as sea water, urine, sweat, brackish 
water, etc). The device may generate drinkable water from salt water without external 
energy input simply by using the hydraulic energy generated by the FO device. In 
addition, the potable water generated by the inventive device is of better purity than 
potable water generated by similar RO devices for desalination driven by external 
energy sources because the salt water is double filtered, first by the FO element and 
then by the RO element.  
Recent laboratory-scale studies on the FO desalination process utilized a new type of 
FO membrane (CTA, HTI) and together with concentrated ammonium bicarbonate 
solution as the draw solution; high water flux across the membrane had been 
measured during the studies (McCutcheon et al, 2005; McCutcheon et al., 2006). 
Seawater could be readily desalinated by the above FO process with high salt 
rejection and a projected water recovery of approximately 70%. Figure 2.8 shows the 
schematic diagram of the novel ammonia-carbon dioxide FO process. 
Figure 2.8 shows that saline water (seawater) is pumped into the feed chamber of the 
counter current crossflow FO unit and concentrated ammonia bicarbonate solution, 
with osmotic pressure as high as 250 atm, is pumped into the draw chamber. The two 
chambers are separated by an FO membrane and water will permeate from the feed 
chamber through the membrane into the draw chamber as a result of the osmotic 
pressure difference between the two solutions. Seawater will be concentrated in the 
feed chamber into brine while the draw solution will be diluted and then pumped into 
the ammonia-carbon dioxide recovery unit. The draw solutes can be recovered by 
thermal means with temperature of as low as 60
o
C for the recovery. After removing 
the draw solutes, product water will be left.  
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Figure 2.8 Schematic diagram of the novel ammonia-carbon dioxide FO process. Adapted 
from Cath et al. (2006). 
 
There are various key issues to be addressed for the above FO process. Further 
analysis of the results had indicated that the performance ratio (defined as the 
experimental water flux divided by the theoretical water flux) of the FO membrane 
used was at most 20%, and on average between 5 and 10%. The lower than expected 
flux was attributed to the external and internal concentration polarization effect. 
Although the water flux for the FO process was measured as high as 25 Lm2h-1, it 
was still not as efficient as compared to the matured RO desalination process. The 
performance was reported to be comparable to RO while the cost was estimated to be 
much lower. Although limited experimental data were available, they concluded that 
FO process is a viable desalination method (McCutcheon et al, 2005; McCutcheon et 
al., 2006). Furthermore, not much work had been conducted on the recovery of the 
ammonia-carbon dioxide draw solutes. In 2007 researchers in Yale University, New 
Haven, constructed a pilot plant to investigate the ammonia-carbon dioxide FO 
desalination process (Elimelech, 2008). The pilot plant construction was expected to 
be completed in early 2007. No further results had been released since then.  
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A study on the energy requirements of the ammonia-carbon dioxide forward osmosis 
desalination modeled the used of single or multiple distillation columns to separate 
draw solution solutes from the product water for solute recycling within the FO 
system (McGinnis and Elimelech, 2007). Thermal and electrical energy requirements 
of the process were calculated, as well as a combined term for equivalent electrical 
work. The results were compared to the energy requirements of current desalination 
technologies. Comparisons showed that energy savings of 72% and up to 85% can be 
achieved with the FO process compared to the current technologies. In fact, the 
application of FO in seawater desalination had promised to challenge global energy 
crisis and reduce energy consumption of producing essential drinking water 
(McGinnis and Elimelech, 2008).  
Recently, a theoretical study on hybrid FO-RO was conducted by Choi et al. (2009). 
The study showed that it may be feasible to utilize a hybrid FO-RO system to reduce 
energy consumption when compared to current RO desalination. Just recently, 
another research studied the use of a hybrid FO and RO for desalination and 
reclamation of impaired water simultaneously (Cath et al., 2010). In addition, Lee et 
al. (2010) concluded that fouling in FO was almost reversible while it was irreversible 
in RO. This indicated that FO fouling could be minimized by selecting proper draw 
solution and/or improving reverse salt rejection by FO membrane. Fouling control 
and membrane cleaning in FO are much more feasible to implement than RO. This 
exemplified the fact that FO for seawater desalination can be developed and further 
improved for actual operation. These studies opened up opportunities for future work 
in the FO process for desalination and other applications. 
 
CHAPTER TWO – LITERATURE REVIEW 
PROPOSED APPLICATIONS OF FORWARD OSMOSIS 
60 
 
2.5.2 Wastewater treatment and reclamation 
The forward osmosis-membrane bioreactor 
Membrane bioreactor (MBR) for wastewater treatment has recently gained wide 
acceptance primarily due to several key advantages over conventional wastewater 
treatment processes (Judd, 2006). One main advantage is that the effluent from the 
MBR without post-treatment can be directly fed to the RO process to produce a high 
quality reclaimed water. However, MBR has higher energy consumption and various 
degree of membrane fouling. The forward osmosis membrane bioreactor (FO-MBR) 
or osmotic membrane bioreactor, is a relatively new concept that combined FO 
process with MBR for wastewater treatment. A few studies had undertaken 
preliminary work on the FO-MBR (or refered to as osmotic MBR in some 
publications). 
Cornelissen et al. (2008) studied the effects of temperature, membrane type, 
membrane orientation, type and concentration of draw solution to optimize FO 
membrane performance in a laboratory-scale FO-MBR system. Results from this 
publication found that the FO-MBR was satisfactory in treating wastewater, with 
some improvments required. Both reversible and irreversible membrane fouling were 
also studied and found to be negligible throughout the operations. However, this study 
only conducted minimal experiments and their laboratory-scale system was small for 
proper system representation. Furthermore, they used synthetic wastewater instead of 
real wastewater. Even though there were limitations to their experiments, it provided 
basic ground work for the understanding of FO-MBR in wastewater treatment. 
In 2009, Achilli et al. (2009) conducted further preliminary work on FO-MBR and 
their results suggested the laboratory-scale FO-MBR system can operate at a high 
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sustainable flux and relatively low reverse transport of draw solutes into the mixed 
liquor. Accordingly, the FO membrane was capable of rejecting 98% of organic 
carbon and 90% of ammonium-nitrogen, and overall (FO-MBR) organic carbon and 
ammonium-nitrogen removal efficiencies of 99 and 98%, respectively, were acheived. 
Unfortunately, their system, as shown in Fig. 2.9, was operated with 3.5-d hydraulic 
retention time, which is too high and unrealistic in actual large-scale operation. 
Nevertheless, these studies provided basic understanding and reference for the author 
of this thesis to develop a FO-MBR system conducted in this research. 
 
 
Figure 2.9 Schematic of a FO-MBR system. Adapted from Achilli et al. (2009).  
 
FO for nutritious drink production 
One of the few commercially available products that use the FO technology is the 
hydration bag. The concept of the hydration bag was first proposed by Stache (1989), 
which consisted of 2 chambers separated by a cellulose acetate FO membrane. A 
syrup, which composed of concentrated fructose solution, was added to the draw side 
chamber. Dirty water, from nearly all surface water, was added to the feed side 
chamber. Forward osmosis was then allowed to take place for a few hours and the 
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diluted fructose solution can be consumed. The hydration bag was developed to cater 
for military, recreational and emergency relief purposes when clean drinking water 
was scarce or not available. The hydration bags are made commercially available by 
Hydration Technologies Inc. (HTI). The hydration bags require no external power and 
can be reused multiple times with minimal fouling. Most importantly, the high 
selectivity of the FO membrane is capable of rejecting salts and microorganisms. The 
syrup solution (draw solution) sold by HTI evolved from just concentrated fructose 
solution to a mixture that is nutritious and tasty. More information on the hydration 
bags can be obtained from the company’s website. 
FO for landfill leachate treatment 
Landfill leachate is highly varied in quality and is difficult to be treated. The leachate 
consists of four different types of pollutants: organic compounds, dissolved heavy 
metals, organic and inorganic nitrogen, and total dissolved solids (TDS). An extensive 
pilot testing prior to 1998 at the Coffin Butte Landfill in Corvallis, Oregon, had found 
that among various treatment technologies, which include mechanical evaporation, 
RO and FO, the FO technology designed by Osmotek Inc. was selected for full-scale 
implementation to treat the landfill leachate. An FO pilot system was tested for three 
months using Osmotek’s CTA FO membrane and NaCl as the draw solution. Water 
recoveries of 94-96% were achieved with high contaminant rejection. Flux decline 
was not apparent during the processing of raw leachate; however, a flux decline of 30-
50% was observed during processing of concentrated leachate. Almost complete flux 
restoration was achieved after cleaning. The success of the pilot-scale system led to 
the design and construction of a full-scale system, with a flow diagram as shown in 
Fig. 2.10. In the full-scale system, the raw leachate is collected and pretreated before 
water is extracted in 6 stages of FO cells. A 3-pass RO system produces a stream of 
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purified water for land application and a reconcentrated stream of draw solution at 
approximately 75 g/l NaCl. The concentrated leachate is solidified before disposal. 
Between June 1998 and March 1999, the treatment plant treated over 18,500 m³ of 
leachate, achieving an average water recovery of 91.9% and an average RO permeate 
conductivity of 35 μS/cm. Most contaminants had greater than 99% rejection and 
final effluent concentrations were substantially lower than the acceptable levels. 
 
Figure 2.10 A flow diagram of the full-scale landfill leachate treatment process. Adapted 
from Cath et al. (2006). 
 
FO for water reclamation in Space for consumption 
In long-term space exploration, it is critical to have a continuous and self-sufficient 
supply of fresh water for consumption, hygiene, and maintenance. The three main 
sources of wastewater that can be reclaimed and reused in long-term space missions 
are hygiene wastewater, urine, and humidity condensate. The system to treat these 
wastewaters must be reliable, durable, capable of recovering a high percentage of the 
wastewater and lightweight. Additionally, the system should operate autonomously 
with low maintenance and minimum power consumption. Cath et al. (2005a) 
developed an innovative system known as direct osmotic (DO) system that utilized a 
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direct (forward) osmosis pretreatment process, a direct osmosis-osmotic distillation 
(DO-OD) pretreatment process and a RO process to reclaim wastewater, which was 
being tested by NASA. The draw solutions of the two pretreatment processes served 
as the feed to the RO process, while the concentrated retentate of the RO process 
served as the draw solution to the two pretreatment processes. The OD process 
targeted the rejection of small compounds such as urea, that easily diffuse through 
semi-permeable membranes (Cath et al., 2005a). It was reported that water flux in the 
DO process was strongly dependent on the type of membrane used and the water flux 
obtained from the DO/OD process increased with increasing temperature gradient 
across the membranes (Cath et al., 2005). They concluded that the DOC system was 
able to achieve a high water recovery and a low energy cost.   
In the second study done by Cath et al. (2005b), the researchers tried to incorporate 
membrane distillation concepts into the direct osmosis/osmotic distillation process, 
known as direct osmosis/membrane osmotic distillation (DO/MOD) to treatment 
combined hygiene and metabolic wastewater. They reported that water flux produced 
by the MD/MOD could be increased by up to 25 times with a 3 – 5oC temperature 
difference across the membranes processes. Although this system had its advantages, 
it had a complicated set-up and limited the development of the FO/DO process to its 
best advantage. The results indicated that under variable operating conditions, specific 
power consumption is almost always less than 30 kWh for every 1 m
3
 of purified 
water produced. Further optimization of the process is currently under investigation. 
FO for the concentration of anaerobic centrate 
Excess sludge produced in wastewater treatment facilities are most often treated in an 
aerobic or anaerobic digester in order to destroy pathogens, reduce biochemical 
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oxygen demand (BOD) and reduce the volume of the solid waste to be handled. The 
nutrient-rich liquid stream produced in the digester is commonly mixed with raw 
influent wastewater at the wastewater treatment facilities. However, this will increase 
the nitrogen and phosphorus loading on the biological processes. The FO process was 
investigated as a pretreatment step for the FO-RO treatment of the digester centrate 
(Holloway et al., 2007). Figure 2.11 shows the schematic diagram of the FO 
pretreatment process investigated.  
 
Figure 2.11 Schematic diagram of the bench-scale FO setup for the FO-RO treatment of 
digester centrate. Adapted from Holloway et al. (2007). 
 
Using the setup as shown, the process was evaluated and results demonstrated that 
high water flux and high nutrient rejection could be achieved. A mathematical model 
was developed to determine the specific energy, power and membrane area 
requirements for a larger-scale digester centrate treatment process. It was 
recommended that the system should be operated at 70% water recovery. 
FO for concentration of brine 
The concentration of brine using FO was proposed by Tang and Ng (2008) as an 
alternative to traditional brine treatment, due to its low energy requirement. A 
laboratory-scale study was conducted and it was found that membrane used in the FO 
CHAPTER TWO – LITERATURE REVIEW 
PROPOSED APPLICATIONS OF FORWARD OSMOSIS 
66 
 
process was capable of salt rejection above 99.7% and an initial water flux of 8.9 
GFD can be achieved. When the draw solution (fructose) concentration was 
maintained, water flux was kept at a relatively stable level without much declination. 
Water recovery was evaluated to be 76%. The study suggested the potential of using 
the FO process for the concentration of brine. 
2.5.3 Other applications 
FO for food processing 
FO treatment for concentration of beverages and liquid foods has been extensively 
studied at laboratory scale (Petrotos et al., 1998; Petrotos et al., 1999; Petrotos and 
Lazarides, 2001; Jiao et al., 2004; Babu et al., 2006; Dova et al., 2007a; Dova et al., 
2007b). FO has several advantages as a process for concentrating beverages and 
liquid foods, including operation at low temperatures and low pressures that promote 
high retention of sensory (e.g., taste, aroma, color) and nutritional (e.g., vitamin) 
value, high rejection, and potentially lower membrane fouling compared to  pressure 
driven membrane processes. 
One of the first investigations of FO concentration of fruit juice was the use of a novel 
custom-made tubular thin film composite aromatic polyamide membrane module to 
investigate the DO concentration process in the case of tomato juice. (Petrotos et al., 
1998; Petrotos et al., 1999). The first part of the study explored the effect of process 
parameters on the performance when different draw solutions including sodium 
chloride, calcium chloride, calcium nitrate, glucose, sucrose and PEG400. Sodium 
chloride draw solution was found to be the best osmotic medium due to its very low 
viscosity. Also, increasing the juice temperature was found to markedly increase the 
permeation flux. Membrane thickness was found to be an important limiting factor on 
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permeation. In the second part of the study, pretreatment of the tomato juice prior to 
FO application was investigated. A remarkable increase in permeation flux was 
observed as compared to directly using raw tomato juice. The results disclosed the 
great potential in using ultrafiltration as pretreatment for tomato juice before 
concentrating the juice by FO. 
Petrotos and Lazarides (2001) reviewed low pressure membrane processes (FO, OD, 
and MD) for concentration of liquid foods and Jiao et al. (2004) provided a more 
comprehensive summary on membrane processes (including FO, denoted direct 
osmosis concentration or DOC therein) for concentration of fruit juices. 
A study done by Babu et al. (2006) explored the concentration of pineapple juice by 
FO. An aqueous solution of sucrose-sodium chloride combination was investigated as 
the draw solution, which can overcome the drawback of sucrose (low flux) and 
sodium chloride (salt migration) as independent draw solutions. Process parameters 
were also investigated and the pineapple juice was concentrated up to a total soluble 
solids content of 60
o
 Brix. Lastly, it was evaluated that the ascorbic acid content in 
pineapple juice concentrate was well preserved by using FO. 
In more recent studies of FO food processing, Dova et al. (2007a and 2007b) 
investigated and modeled the impact of process parameters (e.g., membrane 
characteristics, feed and draw solution concentrations, and flow rates) on process 
performance using thin-film composite aromatic polyamide RO membranes. A 
generalized model that was used to model the FO process was verified with 
experimental results. 
From these studies, the FO process appears to have a number of advantages over 
evaporation and pressure-driven membrane processes for concentration of liquid 
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foods. Low energy use, low operating temperatures and pressures, and high product 
concentrations are the main advantages. However, similar to other industries, the lack 
of optimized membranes and an effective recovery process for the draw solution are 
the main limitations to transforming FO into a full-scale process in the food industry.  
Pressure retarded osmosis 
One more FO related application that is currently a hot topic for research is the 
pressure retarded osmosis (PRO). As described in Chapter 1 of this thesis, similarly to 
FO, water is transported across a PRO membrane from the feed solution to the draw 
solution side of the FO module. The resulting increase in volume on the draw solution 
of the FO module is capable of produce a hydraulic pressure that pushes a turbine for 
electricity generation.  
PRO could be a viable process for producing renewable energy (Loeb and Norman, 
1975; Loeb, 1976). It was estimated that the global energy production from PRO is 
about 2000 TWh/year (Aaberg, 2003), with various ground work on PRO rapidly 
established by various researchers. In one of the pioneering work on PRO, Loeb et al. 
(1976) utilized a special RO membrane module for PRO between fresh water and 
brine. Together with subsequent studies, it was found that the energy output from 
PRO was lower than expected (Mehta and Loeb, 1978; Loeb and Mehta, 1979; Mehta 
and Loeb, 1979; Jellinek and Masuda, 1981). It was found that RO membranes were 
not suitable for use in PRO and that specialized PRO membranes need to be produced 
for its use (Gerstandt et al., 2008). Subsequently, theoretical works were conducted to 
provide conditions required for PRO process as well as theoretical predictions of the 
potential power to be generated from PRO (Achilli et al., 2009).  
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The author of this thesis feels that PRO is an interesting and important process and the 
author very much wanted to investigate and develop the PRO process. However, in 
order to keep the research work relative to FO, particularly on water and wastewater 
treatment, PRO process will not be extensively studied. 
FO: challenges and research needs 
In this review of previous works conducted by various researchers on the FO process, 
it is interesting to observe that the FO research community very quickly tend towards 
studying various potential applications of FO and promptly accepted the few 
fundamental studies, especially on FO modeling, as a rule of thumb in FO flux 
prediction. As a matter of fact, theoretical studies in other membrane process such as 
UF or RO is still ongoing, even when these technologies had matured and put into 
practice for many years. FO process modeling conducted previously were limited and 
not comprehensive, and cannot be accepted with few supporting experimental 
research work. Accordingly, the author of this thesis identified FO process modeling 
as a one of the major topic to be studied in this PhD research work. 
The second major topic of this research work was focused on the selection of the most 
appropriate draw solution. As can be observed from the review of various proposed 
FO draw solutions, they have certain drawbacks that made each of them having 
limitation in their uses. To realize FO for actual operations, this research work intends 
to find the most appropriate draw solution with a complimentary recovery system. 
As can be seen from this literature review, many FO applications had been proposed 
with limited studies conducted on each application. With regards to water and 
wastewater treatment, the author identified seawater desalination and wastewater 
treatment using FO as the applications with the highest potential. As such, the last 
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phase of this research work will be focused on experimental studies to determine the 
feasibility of FO for these applications. 
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CHAPTER THREE – MATERIALS AND 
METHODS 
3.1 Introduction 
In this thesis, a series of theoretical and experimental investigations were conducted 
with the aid of theoretical and experimental tools. As per outlined in Section 1.3, the 
objectives of research were separated into two research phase. The first phase had 
three sub-objectives and was focused mainly on theoretical modeling of the FO 
process by means of performance prediction. Some experiments were also conducted 
for comparison and validation of the theoretical models. The second phase had three 
sub-objectives and was focused on FO draw solution selection and testing the 
feasibilities of FO in seawater desalination and wastewater treatment, using 
laboratory-scale experiments.  
In the first phase, the main aim was to develop a theoretical tool for FO process 
modeling and performance prediction based on fundamental fluid mass transfer 
mechanics. Concurrently, simple laboratory-scale experiments were conducted to 
obtain parameters and verify the developed models.  
In Phase II, the main objective was to evaluate the feasibility of FO process for water 
and wastewater treatment. With the aid of FO models developed in Phase I, various 
draw solutions were used in the models to shortlist those suitable for FO process and 
the most ideal draw solution was selected. Coupled with the selection of a draw 
solution, the post-treatment process to extract water from the draw solution and also 
to reconcentrate the draw solution for reuse was also considered. A hybrid system 
comprising of FO and a post-treatment process was proposed. Furthermore, various 
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applications of FO, especially water and wastewater treatment, were considered and 
their feasibilities studied. More specifically, the performance of a hybrid FO-MBR 
system was evaluated in the final part of this research. Details are being described in 
the subsequent sections. 
3.2 FO theoretical study and modeling 
The collective goals in phase I were to investigate the impacts of external 
concentration polarization (ECP) and internal concentration polarization (ICP) on the 
FO process and to develop rigorous models to predict the flux of the FO process 
accurately in consideration of both ECP and ICP. The analysis was conducted by first 
utilizing and incorporating existing ECP and ICP models into FO process modeling 
for flux prediction. Due to the limitations of these models, improvements to these 
models were studied in order to develop effective models that can accurately predict 
FO performance in a variety of process conditions. In this study, modified models 
were derived from fundamental first principles, and both ECP and ICP models were 
written in C-programming language and a mathematical software (MATLAB R2008a, 
MathWorks, Natick, Massachusetts, US) was used to simulate the process parameters 
to calculate the predicted water flux and corresponding parameters. Results obtained 
from MATLAB were post-processed using MS Excel 2007 and subsequent results 
and graphs were plotted for comparison with experimental results. Elaborations and 
development on the method and models used were elaborated and shown in Chapter 4.   
3.3 Experimental Setups and operating conditions 
In order to obtain reliable and accurate experimental results, the laboratory-scale test 
systems must be well designed and fabricated to simulate as closely as possible actual 
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full-scale system with minimal differences. The three main experimental setups used 
in this research comprised of the laboratory-scale FO system, the laboratory-scale NF 
(suitable for RO as well) system and the laboratory-scale FO-MBR with NF system. 
Below are the detailed description of each system. 
3.3.1 The laboratory-scale FO system 
Figure 3.1 shows the schematic diagram of the laboratory-scale FO system while 
Plate 3.1 shows the actual arrangement of the laboratory-scale FO setup. 
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Plate 3.1 A photo of the laboratory-scale FO system used in this study. 
 
The laboratory-scale FO system included a specially designed crossflow membrane 
cell which has a symmetric channel on each side of the membrane. For each channel, 
the dimensions were 2, 250, and 30 mm for channel height, length and width, 
respectively. Plate 3.2 shows the close-up photo of the test cell used in the FO system. 
The draw and feed solutions flowed on the permeate side and co-currently on the feed 
side, respectively, both of which were controlled independently by a centrifugal pump 
(Cole-Parmer, Barrington, IL) and the crossflow rates were measured with a flow-
meter (Blue-white Industries Ltd, USA). The volumetric flowrates for the 
experiments were varied from 1.0 – 4.4 L/min (or 0.222 – 0.978 m/s, which 
correspond to Re ranging from 1200 – 5000). Both the feed and draw solutions were 
maintained at 30
o
C by using heaters with temperature controllers (Tempette, TE-8D) 
and were kept homogenous by 2 independent mechanical stirrers. A weighing scale 
(SB16001, Mettler Toledo, Germany) connected to a data logging computer was used 
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to monitor the weight changes of the draw solution due to the water flux across the 
membrane, from which the water flux was calculated. 
 
 
Plate 3.2 A close-up photo of the FO test cell. 
 
In this study, since the unit was operated by recycling the feed and draw solutions, the 
water flux would decrease significantly with time as the draw and feed solution would 
be diluted and concentrated with time, respectively. Hence, the initial water flux of 
the operation, which was calculated from the first 20 min of the experimental run, 
would be used for the modeling. Prior to starting of each experimental run, air was 
purged from both the flow channels, and the fluid flows in both the channels were 
allowed to be stabilized for 5 min. This was necessary to facilitate the development of 
both ECP and ICP layer and to ensure that the fluid flowrates were stabilized.  
3.3.2 The laboratory-scale nanofiltration system 
The nanofiltration (NF) experiments were conducted using a laboratory-scale 
crossflow NF membrane cell. A schematic diagram of the laboratory-scale unit used 
in this study is as shown in Fig. 3.2. The feed water (diluted draw solution) that was 
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stored in a high-density polyethylene (HDPE) cylindrical tank (Nalgene, Rocheser, 
NY), was circulated into the membrane cell by a diaphragm pump (Hydra-cell D-03, 
Wanner Engineering, Inc., Minneapolis, MN). The membrane cell was 2.9, 10 and 0.2 
cm for the channel width, length and height, respectively, with an effective membrane 




. The hydraulic pressure was varied up to a maximum of 
630 psi (45 atm) and the desired pressures were achieved by adjusting the bypass 
needle valve and back-pressure regulator. The applied pressure and retentate flowrate 
were monitored by a digital pressure gauge (PSI-Tronix, Inc. Tulane, CA) and a 
variable area flow meter (Blue-White industries, Ltd., Huntington Beach, CA), 
respectively. The permeate flow rate was measured by a digital flow meter (Optiflow 
1000, Agilent Technologies, Plo Alto, CA) that was linked to a personal computer for 
continuous logging and monitoring. Both the feed and retentate were recycled back to 
the feed tank. The feed water was maintained at 25 ± 0.5
o
C by a chiller (Model CWA-
12PTS, Wexten Precise Industries Co., Taiwan) and magnetically stirred to maintain a 
homogenous solution. Plate 3.3 shows a photo of the laboratory-scale NF system (The 
chiller is not shown in Plate 3.3). Fresh NF membrane was compacted for 2 h at 600 
psi prior to each experiment.  
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3.3.3 The laboratory-scale FO-MBR with nanofiltration system 
In this study, three identical laboratory-scale submerged FO-MBR with NF post-
treatment system were operated simultaneously. The schematic diagram of a typical 
hybrid FO-MBR-NF system is as shown in Fig. 3.3. Each of the three FO-MBR has a 
8.39-L aerobic reactor with a corresponding hydraulic retention time (HRT) of 6 h. 
Excess biomass from each reactor was wasted daily (3 times per day) using a 
peristaltic pump, which was controlled by a timer, to maintain the predetermined 
mean cell residence time (MCRT). As this study’s main objective was to study the 
effects of different MCRTs on FO membrane performance, the MCRTs were varied 
and predetermined to be 3-, 5- and 10-d for FO-MBR 1, 2 and 3, respectively 
(denoted as R-3d, R-5d and R-10d, respectively, hereafter). 
For each FO-MBR, two plate-and-frame FO membrane modules, which will be 
described below, were mounted between baffle plates located above two air diffusers. 
The air diffusers, with compressed air controlled by an airflow meter, supplied air at 2 
L/min from each diffuser to the reactors to provide good mixing of the mixed liquor 
and scouring effects on the surface of the FO membranes. Each FO-MBR had a 
separate draw solution circulation pump to circulate the draw solution from a draw 
solution tank, through the membrane modules in each reactor and back to the tank. 
The FO-MBRs water fluxes were controlled by the osmotic driving force of the draw 
solution and water permeation occurred continuously without any relaxation period 
(unlike a typical MBR operation). All the three FO-MBRs were started with identical 
seeding and the volume of mixed liquor in the FO-MBRs were controlled by level 
sensors. Domestic wastewater was fed into the FO-MBRs from a common feed tank. 
Finally, all FO-MBRs were operated under ambient condition, between 25-28
o
C, with 
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the pH controlled with a pH controller, at pH 7.0 ± 0.2, using 0.1N Na2CO3 as the 
dosing agent. 
The starting volume of concentrated draw solution used for each FO-MBR was 120 L. 
Following the operation of the FO-MBR systems, the draw solutions were diluted and 
volume of solution in each draw tank increased with time. Daily flux of each FO-
MBR was monitored and calculated from the weight changes of each draw tank, using 
weighing balances. When the volume of each draw tank increased to about 162 L, the 
2-pass NF reconcentration system was operated to reconcentrate the draw solution 
back to its original concentration and volume of 120 L. In addtion, the final permeate 
quality from the NF system was monitored. 
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Plate 3.6 A photo of the hybrid FO-MBR with NF system. 
 
The laboratory-scale plate-and-frame FO membrane module was designed by the 
author of this thesis and co-fabricated with another researcher (Mr Zhang Junyou, 
M.Eng. student) working on the FO-MBR project. A plate-and-frame module was 
selected because a submerged FO-MBR was selected for this study. Prior to 
fabricating the current FO membrane module used in the FO-MBR testing, extensive 
tests were conducted to determine the optimum plate-and-frame FO membrane 
module design. Computational fluid dynamics (CFD) using Fluent software was used 
to simulate fluid flow in the membrane module. Further discussion can be found in 
Chapter 4. Figure 3.4 below shows the dimension and design of the plate-and-frame 
FO membrane module used in the FO-MBR testing and Plate 3.7 shows a photo of a 
first generation 6-chamber plate-and-frame FO membrane module with FO membrane 
attached. Epoxy putty (Alteco, Singapore) was used to adhere the FO membrane onto 
the module frame and left to dry overnight prior to submerging the module into water 
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to test for leakage. It was important to ensure that the membrane was tightly mended 
onto the frame to avoid any leakage of draw solution out of the enclosed channels 
within the module, as that might affect the performance of the system. The FO 
membrane module has an inlet and an outlet on the top side of the module. Each side 
of the plate-and-frame FO membrane module has an effective area of 0.0437 m
2
 and 
each FO-MBR used in this study has 2 membrane modules submerged, with an 
overall effective area of 0.1748 m
2
..Water was transported ‘outside in’ with mixed 
liquor feed contained within the reactor and draw solution within the flow channels in 
the membrane module. 
 
Figure 3.4 A drawing showing the dimension and design of a first generation 6-chamber FO 
membrane module. 
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Plate 3.7 A photo of the FO membrane module used in FO-MBR. 
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3.4 Membranes and operating orientations 
The non-porous FO membrane (Hydration Technologies Inc., Albany, OR) used in 
the FO process was the same as the one used in Ng et al. (2006) and in most of the 
other published studies on FO. The FO membrane is made from a cellulose triacetate 
(CTA) polymer with a polymesh embedded within this polymer for additional 
mechanical support. It has excellent salt rejection and can achieve 99% NaCl rejection 
(McCutcheon et al., 2005). It is currently the only FO membrane that is commercially 
available. The FO membrane is usually tested in two different orientations, namely 
normal (PRO) or reverse (FO) mode. For the normal mode, the dense selective layer 
faces the draw solution while the porous support substructure faces the feed solution. 
For the reverse mode, it is opposite in orientation with that of the normal mode. 
Several researchers who worked on the FO process usually named the FO mode to be 
the common mode of operation because the dense selective layer has to face the feed 
water in order to reduce fouling effects. However, for the sake of high performance 
FO process, the FO mode is known as the reverse mode, while the PRO mode is 
known as the normal mode, largely due to the high flux achievable in the normal 
mode. Essentially, the naming of the membrane orientation is inconsequential, so long 
as readers are aware of the actual orientation involved in each experiment. Figure 3.5 
shows the two mode of operation with related transport curves. Figure 3.5 was 
adapted from Ng et al. (2006), which was improved upon, following the studies 
conducted on FO modelling, and as shown in Chapter 4. 
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Figure 3.5 Orientation of FO operation in (a) normal mode and (b) reverse mode. Adapted 
from Ng et al. (2006). 
Support 
matrix 
























pressure difference at 
location of distance S 






Location at distance S from 
dense selective layer surface 
(a) Normally (FO) mode 





CHAPTER THREE – MATERIALS AND METHODS 
MEASUREMENTS AND ANALYTICAL METHODS 
86 
 
 The first NF membrane used this study was a thin-film composite NF membrane (HL) 
from GE Osmonics, with a manufacturer nominal MgSO4 rejection of 98%. The NF 
membrane was used as per normal, with the tighter layer facing the feed solution. The 
second NF membrane used in the NF regeneration process, tested using the 
laboratory-scale test cell, was from DOW Filmtec, coded NF-90. Similarly, it has a 
manufacturer nominal MgSO4 rejection of 98%. This membrane was used as per 
normal, with the tighter layer facing the feed solution. For the NF post-treatment 
process for reconcentrating the draw solution in the FO-MBR-NF system, TFC-SR 
100 4” element (Koch Membrane System, Inc.) and NE2540-90 2” element (Woogjin 
Chemical Co., Ltd) were used as single-stage first and second pass, respectively. 
3.5 Chemicals and solutions used 
The feed and draw solutions were prepared using deionized (DI) water. In the first FO 
modeling test, the feed solution was either DI water or 0.5M NaCl, which simulated 
seawater. The draw solution concentration ranged from 0.1 to 2.0M NaCl. Solution 
properties particularly osmotic pressure, dynamic viscosity, density and diffusion 
coefficient were calculated using the software, StreamAnalyzer 2.0 (OLI systems Inc., 
Morris Plains, NJ). NaCl was the only solute used in this investigation for model 
developments since its properties are well characterized and for the benefit of 
comparison with previous FO modeling study. The concentration range of the NaCl 
solution used was similar to previous modeling studies for the FO process (Gray et al., 
2006; McCutcheon and Elimelech, 2006) so as to provide a consistent comparison 
with previously used ECP and ICP models. 
In the second FO modeling test, the feed and draw solutions were prepared using DI 
water. The feed solution used, depending on the objectives of the experiments, was 
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either DI water or 0.5M NaCl solution, which simulated seawater. The draw solutions 
used for this study include NaCl, KCl, MgSO4, MgCl2, CaCl2 and D-Glucose 
(C6H12O6). The maximum concentration prepared for these draw solutions could be as 
high as 5 M, depending on their solubility. Solution properties including osmotic 
pressure were calculated using the software, StreamAnalyzer 2.0 (OLI systems Inc., 
Morris Plains, NJ), while dynamic viscosity, density and diffusivity were obtained 
from other published literature, which are further discussed in Chapter 4. 
In the next study on FO draw solution selection, the feed and draw solutions were 
prepared using DI water. The feed solution was 0.6M NaCl solution which simulated 
seawater. The draw solutions used for this study include NaCl, KCl, MgCl2, CaCl2, 
MgSO4, Na2SO4 and C6H12O6. The maximum concentration prepared for these draw 
solution was as high as 5 M, depending on their solubility. 
For the FO-MBR study, the feed wastewater was collected from the Ulu Pandan 
Wastewater Reclamation Plant (WRP), Singapore. The feed wastewater 
characteristics is as shown in Table 3.1. The wastewater was sieved with a 1-mm pore 
sized sieve before adding into a common feed tank daily and a mechanical stirrer was 
used to keep the feed water well mixed in the feed tank. Seed activated sludge from 
the same treatment plant was seeded into the FO-MBRs at the start of operating the 
laboratory-scale FO-MBR system. Based on the above draw solution selection studies, 
Na2SO4 was selected as the most appropriate draw solution for the FO-MBR process 
and a concentration of 0.7M, generating 33.14 bar of osmotic pressure, was used. In 
the backwash scheme, to be elaborated in Chapter 4, either 0.5M or 1.0M NaCl 
solution was used. Other chemicals used for testing sample quality and characteristics 
are as described in Section 3.6. 
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Table 3.1 Characteristics of influent wastewater obtained from the Ulu Pandan WRP. 
 
 
3.6 Measurements and analytical methods 
3.6.1 Conductivity measurements for laboratory-scale FO and NF test cell 
experiments, and laboratory-scale FO-MBR experiments 
Other than measuring the water fluxes produced in both FO and NF tests, the 
conductivities in both studies were measured in order to determine either the solute 
rejection or the reverse solute transport across the membrane. The conductivities of 
the feed solution, draw solution and  permeate were measured using a conductivity 
meter (1214000, Thermo Scientific Orion, Beverly, MA), and the solute rejection for 
the various solutions were then calculated. Prior to using the conductivity meter, 
calibration curves associating individual solute concentration in water with 
conductivity were conducted to facilitate the calculation of solute concentration 
following the measurement of conductivity during the tests. By calculating the solute 
concentration before and after each experiment, the solute rejection can be determined 
using the equation as shown in Eq. (12) for FO experiments and Eq. (13) for NF 
experiments. 
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       (12) 
            
                            
             
       (13) 
Do note that the solute rejection for FO membrane must also be specified together 
with the duration of experiment as the rejection was dependant to the extent of 
duration, since both the feed and draw solutions were recirculated and recycled, and 
that the concentration changes were time dependent. By specifying the duration for 
solute rejection data collected, it would facilitate readers to compare results from 
other published sources. By further analysing the rejection data, the reverse solute 
transport flux for the membrane tested can also be calculated. Similarly, 
conductivities of the mixed liquor and draw solution for each FO-MBR was 
monitored using the same conductivity meter. 
3.6.2 Sampling methods 
In the conductivities measurements as described above, the conductivity probe was 
directly immersed into the feed solution tank, draw solution tank, permeate tank and 
into the mixed liquor in the FO-MBRs for conductivity measurement. Sampling of 
liquid samples were carried out for other analyses. For FO-MBR, samples of influent, 
mixed liquor, draw solution, and NF permeates were collected regularly from the 
three FO-MBR systems for analysis. Samples of influent were collected from the 
respective feed pump outlet. Samples of mixed liquor from each FO-MBR were 
collected from the sampling port, located at the mid-height of each system. 
Immediately after collection, the soluble portion of the influent and mixed liquor 
samples were obtained by centrifuging the sample at 10,000 rpm for 10 min, followed 
by filtering the supernatant through 0.45 µm pore size membrane filter discs 
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(Whatman). Draw solution and NF permeate samples were collected from their 
respective tanks. If the samples were not immediately used for analysis, the samples 
were stored at 4
o
C in the cold room for at most one week. 
3.6.3 Total suspended solids (TSS) and volatile suspended solid (VSS) 
The influent and mixed liquor total suspended solids (TSS) and volatile suspended 
solids (VSS) were determined in accordance to the Standard Methods (APHA, 2005). 
Prior to filtering samples, the glass microfiber filters (GF/F, Whatman) were rinsed 
with 25 mL of DI water and heated at 550
o
C for 20 min prior to analysis. The samples 
were then filtered through the filter to collect the TSS and then dried at 105
o
C for one 
hour. The VSS can be determined by heating the filter (with the collected TSS) at 
550
o
C for 20 min. 
3.6.4 Chemical oxygen demand (COD) 
The chemical oxygen demand (COD) for the influent, mixed liquor supernatant and 
NF permeates from the FO-MBRs, were measured using the closed reflux method 
(HACH COD heater, Model 16500-10) in accordance to the Standard Methods 
(APHA, 2005). 
3.6.5 Total organic carbon (TOC) 
The total organic carbon of the influent, mixed liquor supernatant, draw solutions and 
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3.6.6 Total Nitrogen (TN) 
The total nitrogen of the influent, mixed liquor supernatant, draw solutions and NF 
permeates were measured using a TOC analyser (TOC-VCSH, Shimadzu) coupled with 
a TN measuring unit (TNM-1, Shimadzu). 
3.6.7 Ion chromatography 


















the influent, draw solutions and NF permeates, were measured in accordance to the 
Standard Methods (APHA, 2005), using the ion chromatography method (DX-500, 
Dionex).  
3.6.8 Microscopic observations 
Fresh HTI FO membranes were dried using a freeze dryer (Christ Alpha 1-2LD, 
Germany) to prepare dry samples to study the morphology of the membranes. The 
prepared samples were kept in desiccator prior to analysis using a scanning electron 
microscope (SEM). 
SEM studies on the fouled FO membrane from the FO-MBRs were also carried out. 
First, FO membrane samples were cut from the FO-MBR membrane modules after 
long-term operation. The membrane samples were rinsed with 0.1M phosphate buffer 
and fixed overnight with 3.0% glutaraldehyde at pH 7.0. The samples were then 
rinsed with DI water and soaked/dehydrated in a graded ethanol series (25%, 50%, 
75%, 95% and twice in 100% for 15 min each). The dehydrated samples were then 
dried using a critical point dryer. 
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A SEM (JEOL JSM-6400F) was used to observe the morphology and the foulants on 
the FO membrane. Each dried membrane sample was mounted on a SEM stub and its 















CHAPTER FOUR – RESULTS AND DISCUSSION 
4.1 Introduction 
As this studies encompassed a wide scope on FO process that included fundamental 
FO process modelling study, selection of an appropriate draw solution and 
complimentary draw solute recovery system, and feasibility studies on hybrid FO 
process for seawater desalination and domestic wastewater reclamation. These 
research topics were in many ways related to one another and were all considered 
preliminary works to solve current FO process challenges. The following is a list of 
objectives and summary of the works carried out in this thesis. 
a) Forward osmosis process modeling considering external and internal 
concentration polarization effects – Theoretical models for both ECP and ICP 
were developed to improve on current FO models for flux prediction. These 
models were extended to various draw solutions and the robustness and 
accuracies were validated using laboratory-scale experimental data. 
b) Selection of an ideal draw solution for the forward osmosis process – Based 
on the flux prediction obtained from developed models (a), various draw 
solutions were considered for the FO process. The ideal draw solution was 
selected based on experimental water flux obtained and also depended on the 
draw solute rejection by the FO membrane. NF process was considered as a 
possible post-treatment process and the draw solution was also selected based 
on the performance of this draw solution in the NF process. 
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c) Feasibility of a hybrid FO-NF system for seawater desalination – The 
feasibility of a hybrid FO-NF system for seawater desalination was evaluated 
based on the predicted energy consumption of the system. The energy 
consumption of this system was compared with various existing technology.  
d) Feasibility of a FO-MBR with NF system for domestic wastewater treatment 
for the production of high quality product water – A hybrid FO-MBR process 
with NF as post-treatment process was considered for the treatment of 
domestic wastewater. It was expected that a high quality product water can be 
produced after the NF post-treatment process. A feasibility study was 
conducted to investigate the performance of the FO-MBR process and also to 
establish various operating parameters for this process. 
4.2 The external and internal CP 
The FO process suffers from ECP as it requires two solutions on both sides of the 
membrane for osmosis to take place. In addition, the FO membranes currently 
available are asymmetric, so they suffer from severe ICP. ICP cannot be mitigated by 
adjustments to process operation external of the membrane as its impact is inherent to 
the membrane itself. 
For modeling of the ECP of the FO process, mass transfer equation, more commonly 
used by RO and ultrafiltration (UF), coupled with film theory was proposed 
(McCutcheon et al., 2006). For the ICP modeling of the FO process, a previously 
developed model using the convective-diffusion governing equations had been used 
(Gray et al., 2006; McCutcheon and Elimelech, 2006; Lee et al., 1981; Loeb et al., 
1997). In this study, modeling of both ECP and ICP of the FO process was carried out 
using the earlier developed models (McCutcheon et al., 2006; Gray et al., 2006; 
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McCutcheon and Elimelech, 2006; Lee et al., 1981; Loeb et al., 1997). However, it 
was found that at a higher concentration of more than 1.0M NaCl for the draw 
solution and at higher water flux, the ECP and ICP models over-predicted the water 
flux across the membrane at the corresponding osmotic pressure. Hence, a more 
vigorous and accurate model to describe both the ICP and ECP layer is required. This 
is necessary as it is essential to have a more accurate model for flux prediction for 
process optimization, fouling studies, determining possible draw solutes with high 
osmotic pressure, treating potential feed streams, etc. 
The objectives of the first part of this thesis were to investigate the impacts of ECP 
and ICP on the FO process and to develop rigorous models to predict the flux of the 
FO process accurately in consideration of both ICP and ECP. The ECP layer was 
analyzed by using the mass transfer coefficient, kc, calculated from the primary 
Sherwood relations that were developed using the boundary layer concept under 
different flow regimes in models based on the film theory. Comparisons were made to 
show that the modified models were significantly better than the models previously 
used to describe the ECP layer of the FO process. Governing equations for the ICP 
layer were extended to include the variation of the diffusion coefficient for the 
feed/draw solute within the ICP layer. It will also be shown that the extended model 
for the ICP is significantly better than previous model. Water fluxes were then 
predicted, with both ECP and ICP correction, and then verified against a new set of 
experimental data. 
The FO membrane was tested either in the normal mode (i.e., the dense selective layer 
of the membrane faces the draw solution while the porous layer faces the feed 
solution) or in the reverse mode (i.e., the dense selective layer facing the feed solution 
while the porous layer faces the draw solution). Similar to Fig. 3.5, the effect of 
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membrane orientation on transport phenomenon of the FO process was revised and is 
shown in Fig. 4.1. This figure is included here to illustrate the development of the CP 
effects. It is to be noted that the normal mode is also called the PRO mode and the 
reverse mode is named the FO mode in other studies. For the FO process, the normal 
mode is expected to have a higher water flux since the impact of ICP on the feed 
solution is smaller than that on the draw solution (Ng et al., 2006). Hence the FO 
process should be ideally conducted in the normal mode, which is also the mode 
adopted by commercially available FO membrane for FO process (i.e., Hydration 
Technologies Inc., Albany, OR). 
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Figure 4.1 A revised drawing showing the orientation of FO operation in (a) normal mode and 
(b) reverse mode.  
Cd,w 




















































4.3 Theory – Modified models to predict flux behaviour in 
FO process in consideration of external and internal CP 
4.3.1 Mass transfer coefficient for the ECP layer 
Blasius (Welty et al., 2001) developed an exact solution to calculate the local mass 
transfer coefficient for the hydrodynamic boundary layer of fluid that flows parallel to 
a smooth, non-porous and flat surface or channel using the boundary layer concept. 
This local mass-transfer is correlated in terms of a primary local Sherwood number by 
(Welty et al., 2001): 






Re332.0 ScSh x    (14) 






Re0292.0 ScSh x    (15) 
Welty et al. (2001) provided an excellent derivation of both Eqs. (14) and (15), which 
were developed from the Navier-Stokes equations. Do note that Eqs. (6) and (7), that 
were previously used for modeling ECP effect in FO (McCutcheon and Elimelech, 
2006) and other Sherwood relations were semi-empirical or empirical (Gekas and 
Hallstrom, 1987; van den Berg et al., 1998) even though they were similar in form as 
Eqs. (14) and (15). As FO modeling is still considered relatively new compared to 
other membrane processes, such as RO and UF, it is necessary to adopt the primary 
Sherwood relations as a basic modeling framework prior to modifying these relations 
to improve accuracies of the models.  
The mean mass transfer coefficient, kc, can then be obtained by integration upon 
substituting Eqs. (5), (14) and (15) into (16) to give Eq. (17). 
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      (18) 
As Eq. (18) contains 2 unknowns (Cd,w and Jw), a correlation between concentration 
and osmotic pressure can be used so that Eq. (18) can be combined with Eq. (2) to 
predict the water flux using only Cd,b and the calculated kc. This will be demonstrated 
in subsequent sections. 
In this study, the selection of the modified film theory coupled with the suitable 
Sherwood relations for the ECP analysis over other theoretical modeling, provided in 
many earlier studies (Sablani et al., 2001), is because of the simplicity of the models 
and the ease of application. The film model used in Eq. (3) is a one dimensional 
solution to the convective-diffusion equation, which when a mean mass transfer 
coefficient, kc, (Eq. (17)) is used, would allow the calculation of a mean water flux, Jw. 
This will be sufficient for comparison with experimental flux since our experiment 
setup can only collect an average water flux given a time frame. Theoretical modeling 
of the ECP layer, such as that derived by Denisov (1994) for UF and Sablani et al. 
(2001), can alternatively be done for FO and is set as a future framework for FO 




modeling. The comparison between the model fluxes using the mass transfer 
coefficient derived from the boundary layer concept and that used previously to 
model ECP for the FO process will be presented and discussed herein. 
4.3.2 Impact of the ICP layer 
An expression for the modeling of the ICP layer, which is similar to that developed by 
Loeb et al. (1997), has been developed from the governing equations in this study. 
The derivations for dilutive ICP (i.e., FO membrane in reverse mode) are shown 
below. 
The solute flux, Js, across the dense selective layer for dilutive ICP (i.e., FO 
membrane in reverse mode) can be written as:  
)( ,, wfwds CCBJ      (19) 
Using the governing convective-diffusion equation, the solute flux across the porous 








s      (20) 
It is noted that the diffusion coefficient for the solute, particularly for electrolytes, can 
be expressed as a function of the concentration of solute at distance x as shown in Eq. 
(21). The distance x is the perpendicular distance away from the membrane dense 
selective layer measured within the porous support layer and the coefficients, Ei, are 
constants associated with the empirical correlation of diffusion coefficient with 
solution concentration. 
n
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Combining Eqs. (19) and (20) yields: 







     (22) 
The appropriate boundary conditions are defined in Fig. 3.6(b) and represented as: 
C(x) = Cd,w    at x = 0 
C(x) = Cd,b    at x = tτ 
Under the boundary conditions, Eq. (22), which is a separable differential equation, 












































           




K * . In an exactly analogous manner, the equation for concentrative ICP 













































           
           (24) 
It is to be noted that K* represents the physical morphology of the porous layer of the 
FO membrane and the K* for the FO membrane used in this study has to be 
determined experimentally. K* is a constant specific for each membrane and it is not 




affected by other process conditions. Further information is provided in subsequent 
sections. 
With the developed models for both the ECP and ICP layers, Jw across the membrane 
can be accurately predicted when given the concentrations for both the bulk feed and 
draw solutions, temperature-associated solutions constants and crossflow rates. Prior 
to flux predictions, the K* of the ICP layer and the pure water permeability, A, of a 
particular membrane have to be determined experimentally. In order to verify the 
models, experimental data used to determine K* and A was not used for further 
verification of the modified ICP model in this study. Thereafter, Eqs. (2), (18) and (23) 
can be combined by means of the equivalence of the osmotic-pressure model (Eq. (2)), 
the modified film model (Eq. (18)) and the modified ICP model (Eq. (23)), and then 
be solved for the FO operation in normal mode using an iterative software. The 
iterative steps are provided in Fig. 4.2. Water fluxes predicted using the K* and A 
determined earlier were then subsequently compared with a new set of experimental 
data. 






Figure 4.2 Iteration procedures using mathematical software to solve for water flux, Jw, given 
operating conditions and molarity of feed and draw solutions. 
 
 
Calculate Cd,w using Eq. (18). 
Exit Loop 
Assume initial value of water 
flux, Jw and input  crossflow rate 
and molarity of the bulk feed 
and draw solution.  
Calculate kc using Eq. (17). 
Data bank for physical 
properties of solution at 
ToC (i.e., diffusivity, 
density, viscosity, etc.). 
Data bank for membrane 
properties at ToC (i.e., A, B 
and K*). 
Calculate Cf,w using Eq. (23). 
Calculate new Jw using Eq. (2). 
Check for convergence, i.e. new Jw 
= assumed Jw. 
Use calculated 
Jw as initial Jw. 




4.4 Results and discussion – Modified models to predict 
flux behaviour in FO process in consideration of external 
and internal CP 
4.4.1 Determination of pure water permeability, A 
The membrane permeability constant was found using RO experiments (tested using 
the NF test cell setup) with DI water and the hydraulic permeability data is plotted in 
Fig. 4.3. The pure water permeability constant, A, at 30
o






. The water flux generated by the effective osmotic driving force across 
the dense selective layer of the membrane for the FO process should coincide with the 
water flux corresponding to the data as shown in Fig. 4.3. 
 












4.4.2 Osmotic pressure and diffusion coefficient as a fraction of NaCl 
concentration 
The osmotic pressures at different NaCl concentrations were determined using the 
OLI software and the results are plotted in Fig. 4.4. From the results, the osmotic 



































pressure was found to be non-linear with NaCl concentration, and the correlation 
(from the plotted data) can be estimated as given in Eq. (21): 
CC 714.402971.6 2      (25) 
 
Figure 4.4 Osmotic pressure variations with NaCl concentration at 30oC. Data obtained from 
OLI software. 
 




 ions, calculated from the OLI software, are 
plotted in Fig. 4.5. From the data, the average salt diffusion coefficient, Davg, was 
















      (26) 






























Osmotic pressure at corresponding NaCl concentration
Osmotic pressure as a function of NaCl concentration





Figure 4.5 Diffusivities of NaCl at different concentration at 30oC. Data obtained from OLI 
software. Average diffusivity of NaCl was calculated using Eq. (26). 
 





are also plotted in Fig. 4.5. The plot of Davg can be correlated under 2 different 
regimes at different salt concentration using polynomial correlations as shown below: 
For 5.00 C M: 
9928384858 1071.11088.11039.11040.51084.91073.6   CCCCCDavg
           (27) 
For 25.0 C M: 
910212 1071.11033.11067.6   CCDavg      (28) 
The correlated Davg was then used to facilitate the modeling of the CP layer and the 
prediction of flux subsequently in this study. 
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4.4.3 Impact of ECP on flux behavior 
To assess the impact of ECP on flux (i.e., without ICP effect), experiments were 
conducted by having: 1) the dense selective layer of the FO membrane facing the 
draw solution (i.e., FO in normal mode); 2) DI water as the feed solution; and 3) the 
concentration of NaCl varied in the draw solution. With these testing protocols and 
the assumption of negligible salt leak through the FO membrane (the FO membrane 
used was a tight membrane that could achieve as high as 99.5% salt rejection), only 
dilutive ECP was developed on the draw solution side with negligible ICP layer being 
developed in the porous support layer. Figure 4.6 presents the experimental flux 
plotted against the bulk osmotic pressure difference between the feed and draw 
solutions. 
 
Figure 4.6 Plots of experimental water flux (m3m-2s-1) against bulk osmotic pressure (atm) for 
volumetric crossflow rates ranging from 1.0 – 4.4 L/min (0.222 – 0.978 m/s). Feed solution 
was DI water for all experiments and draw solution ranged from 0.2 – 2.0 M. For these 
experiments, the dense selective layer of the membrane faced the draw solution while the 
porous layer faced the feed solution (i.e., normal mode). This was to allow for the study of the 
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As expected, water flux increased at increasing osmotic pressure difference. However, 
the effect of ECP at higher concentration of the draw solution was more severe. In 
addition, at higher flowrates, water flux was higher since the increase in crossflow 
velocities reduced the impact of dilutive ECP. It was also noted that with an increase 
in the crossflow velocities from 1 to 4 L/min (0.222 to 0.978 m/s), negligible increase 
in pressure was observed at the inlet of the test cell and negligible pressure drop along 
the 2 flow channels was measured in the experiments. Hence, the driving force for the 
water flux through the FO membrane was only provided by the osmotic pressure 
difference.  
At each flowrate, the mass transfer coefficient, kc, was calculated using Eq. (17). By 
substituting kc into Eq. (18), Cd,w was determined using the experimental flux. With 
the Cd,w, the effective osmotic pressure was then determined using Eq. (25). Figure 
4.7 shows a plot of experimental flux versus effective osmotic pressure across the 
selective layer of the membrane. The slopes of these lines matched the pure water 
permeability, A, of the membrane at 30
o
C. Therefore, it was concluded that the salt 
flux from the draw solution across the membrane was insignificant. This was because 
if significant salt flux was present, ICP would occur on the feed side and this would 
cause the water flux at various crossflow rates to be reduced significantly. 





Figure 4.7 Plots of experimental water flux against effective osmotic pressure across the 
dense selective layer of the membrane for volumetric crossflow rates ranging from 1.0 – 4.4 





Modeling of the flows in both laminar and turbulent regimes was necessary to test the 
robustness of the equations developed for the ECP layer. Figure 4.8 shows the 
comparison between experimental fluxes obtained after dilutive ECP correction using 
boundary layer concept (Figs. 4.8a and b) and those obtained after dilutive ECP 
correction using the previous model (where the mass transfer coefficients were 
calculated from Eqs. (6) and (7), Figs. 4.8c and d). Both the models were compared 
using the same experimental results. Using the boundary layer concept, the flux data 
after dilutive ECP correction matched the pure water permeability data closely at both 
lower and higher crossflow velocities. However, when the previous model (using 
mass transfer coefficients, which were derived from UF experiments, used in previous 
FO modeling) was applied in accordance to the approach used in McCutcheon et al. 
(2006) and McCutcheon and Elimelech (2006), the dilutive ECP corrected flux data 
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was non-linear at both crossflow rate of 2.0 and 4.0 L/min and at higher osmotic 
pressures. Therefore, our revised model, with kc calculated using the boundary layer 
concept, as opposed to the earlier model, would model better the dilutive ECP effects 
for a rectangular channel membrane cell in both laminar and turbulent boundary layer 
































Figure 4.8 Comparison of experimental results with results corrected for dilutive ECP at 30oC. 
(a) and (b) showed experimental water flux corrected for dilutive ECP using mass transfer 
coefficient developed from boundary layer concept (i.e., model developed in this study). (c) 
and (d) showed experimental water flux corrected for dilutive ECP using mass transfer 
coefficient obtained from UF experiments (i.e., previous model). 
 
 
Comparison of the plot of experimental results 
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4.4.4 Determination of K* and the impact of ICP on flux behavior 
Figure 4.9 shows the flux data for experiments carried out in the reverse mode, which 
facilitated the investigation of the dilutive ICP layer without the need to consider ECP 
(i.e., no ECP was developed because DI water as the feed solution was facing the 
dense selective layer of the FO membrane). It was observed that changes in the 
crossflow velocities did not affect the water flux across the membrane. For membrane 
which operated at a high flux and by assuming a negligible salt flux across the dense 
selective layer of the membrane, i.e., B = 0, and using the appropriate diffusivity 
correlations as provided in Eqs. (27) and (28), Eq. (22) can be integrated using the 
same boundary conditions as discussed earlier for Eq. (22) to give: 
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   (30) 
Table 4.1 shows the values of K
*
 calculated by using Eqs. (29) and (30). It can be 
observed that K* is a constant for the ICP layer developed in this membrane, 
independent of the diffusion coefficients. By using the experimental data sets of 3 
different crossflow rates (1.0, 2.0 and 3.0 L/min),  average K* was found to be 2.75 x 
10
-4
 ± 2.55 x 10
-5
 m at 95% confidence interval and the increase in crossflow 
velocities had negligible impact on the water flux across the membrane.  





Figure 4.9 Plots of experimental water flux (m3m-2s-1) against bulk osmotic pressure (atm) for 
volumetric crossflow rates ranging from 1.0 – 3.0 L/min (0.222 – 0.667 m/s). Feed solution 
was DI water for all experiments and draw solution ranged from 0.2 – 2.0 M. For these 
experiments, the dense selective layer of the membrane faced the feed solution while the 
porous layer faced the draw solution (i.e., reverse mode). This was to allow for the study of 




With the average K* value determined, water fluxes at any draw solution 
concentration can now be predicted using Eqs. (2) and either (29) or (30), via a 
regression method. To verify our revised model, water fluxes at a volumetric flow rate 
of 1.5 L/min (0.33 m/s) were predicted and then compared with the experimental 
water fluxes obtained at a volumetric crossflow rate of 1.5 L/min. Figure 4.10 shows 
that an excellent agreement was observed from the results obtained from our revised 
model prediction and the experimental runs. This suggested that the K* value found 
for this FO membrane had allowed a better prediction of water flux at different draw 
concentrations. Hence the effect of the ICP layer was well accounted for. 
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Table 4.1 Data calculated for the ICP layer developed using the revised ICP model. The 
average K
*
, for the FO membrane tested in this study, was found to be 2.75 x 10
-4
 ± 2.55 x 10
-
5
 m at a confidence interval of 95%. 
 



















0.20 8.4 0.121 5.0 2.26 3.13 
0.50 21.9 0.236 10.0 3.99 2.86 
0.75 34.1 0.304 13.0 5.19 2.86 
1.00 47.0 0.350 15.0 6.00 2.78 
1.25 60.7 0.391 16.9 6.75 2.75 
1.50 75.2 0.425 18.4 7.37 2.67 
2.00 106.6 0.482 21.1 8.43 2.85 
2.0 L/min 
(0.444 m/s) 
0.20 8.4 0.144 6.0 2.40 3.08 
0.50 21.9 0.238 10.0 4.02 2.93 
0.75 34.1 0.301 12.8 5.13 2.76 
1.00 47.0 0.356 15.3 6.11 2.64 
1.25 60.7 0.402 17.4 6.95 2.82 
1.50 75.2 0.419 18.1 7.26 2.57 
2.00 106.6 0.492 21.6 8.62 2.73 
3.0 L/min 
(0.667 m/s) 
0.20 8.4 0.150 6.2 2.49 3.02 
0.50 21.9 0.240 10.1 4.06 2.93 
0.75 34.1 0.301 12.8 5.13 2.69 
1.00 47.0 0.360 15.5 6.20 2.70 
1.25 60.7 0.397 17.2 6.86 2.79 
1.50 75.2 0.422 18.3 7.31 2.61 
2.00 106.6 0.488 21.4 8.54 2.67 
 
 





Figure 4.10 Comparison of the predicted water flux, using both previous and modified model 
for ICP layer, with experimental water flux for volumetric crossflow rate of 1.5 L/min (0.333 
m/s) at 30
o
C. Experimental conditions (except crossflow rate) and membrane orientation were 





A comparison of the flux data was made to demonstrate that the modified model for 
ICP developed in this study (i.e., Eqs. (29) and (30)) was an improvement from the 
previous model, Eqs. (9) and (10). The flux data predicted from the previous model 
and the various experimental parameters used in the previous model are also shown in 
Fig. 4.10. The results showed that the previous model had overestimated the 
corresponding water flux at each osmotic pressure. The previous model over-
predicted the water flux by as much as 15% when the draw solution concentration 
was at 2M NaCl. Hence the effect of the ICP was underestimated, particularly at 
higher NaCl concentration, due to the fact that a fixed constant for the diffusivity 
coefficient was used for the constant K. At high NaCl concentration, diffusivity 
decreases and this would increase K. For the modified model developed in this paper, 
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the diffusivity coefficient equation that is related to the solute concentration is 
incorporated into the integration term as shown in Eq. (18). This yielded K* is a 
constant as it is independent of the diffusivity coefficient. Therefore, it is necessary to 
apply the empirical correlations for the diffusivity coefficients into the derivative of 
Eqs. (29) and (30) in order to improve the accuracy of the prediction of the water flux 
in the FO process. 
4.4.5 Modeling flux prediction with external and internal CP corrections 
By simulating seawater as the feed water using 0.5M NaCl and with increasing NaCl 
concentrations for the draw solution, the impacts of both dilutive ECP and 
concentrative ICP can be investigated concomitantly. Since the ICP effect 
predominates over the ECP effect, the FO process was tested in the normal mode with 
the dense selective layer of the membrane facing the draw solution and the porous 
layer facing the feed solution. Hence concentrative ICP and dilutive ECP would occur 
and Eqs. (17) and (24) were used for the modeling. The predicted fluxes were 
determined iteratively using Eqs. (2), (17), (18) and (24) concurrently, which 
followed the regression methodology defined in Fig. 4.2. Results of the predicted flux 
data using both the previous and current models and experimental flux data are 
plotted in Figs. 4.11 and 4.12. The prediction of flux using previous model was 
performed exactly according to that described in previous FO modeling study 
(McCutcheon and Elimelech, 2006). The error bars on each experimental data point 
indicated the standard deviation of replicate experimental runs at the corresponding 
bulk osmotic pressure. The comparison showed that the modeling of the water flux at 
various feed/draw concentrations and crossflow velocities had provided an almost 
exact replication of the experimental flux. The water flux predicted using the previous 
model deviated from the experimental flux by as much as 15%, particularly at higher 




concentrations. This showed that the modified models developed in this study can 
predict accurately the actual water flux data for the FO process. 
 
Figure 4.11 Plot of experimental water flux (m3m-2s-1) against bulk osmotic pressure (atm) for 
volumetric crossflow rates of 2.0 L/min (0.444 m/s). Feed solution was 0.5M NaCl solution 
for all experiments and draw solution ranged from 0.75 – 2.0 M. For these experiments, the 
dense selective layer of the membrane faced the draw solution while the porous layer faced 
the feed solution (i.e., normal mode). This was to allow for the study of the impact of both 
concentrative ICP and dilutive ECP concurrently. K used in the previous ICP model is 1.73 x 
10
5 
s/m. All experiments were carried out at 30
o
C. 
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Figure 4.12 Plots of experimental water flux (m3m-2s-1) against bulk osmotic pressure (atm) 
for volumetric crossflow rates of 4.0 L/min (0.889 m/s). Feed solution was 0.5M NaCl 
solution for all experiments and draw solution ranged from 0.75 – 2.0 M. For these 
experiments, the dense selective layer of the membrane faced the draw solution while the 
porous layer faced the feed solution (i.e., normal mode). This was to allow for the study of 
both the impact of concentrative ICP and dilutive ECP concurrently. K used in the previous 
ICP model is 1.73 x 10
5 





In this first part of the study on the modeling of the FO process, the mass transfer 
coefficients derived from the boundary layer concept was used in the film theory 
model to describe the ECP layer. The corresponding water fluxes after ECP correction 
matched closely to the pure water flux at both laminar and turbulent flow regimes. A 
modified model for the ICP layer, which required the diffusion correlation to be 
included in the derivative of the governing equation, was proposed. This model was 
used to calculate K*, the measure of the resistance of the ICP effect in the porous 
layer of the FO membrane. Both the dilutive ECP and concentrative ICP models were 
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combined together with the osmotic-pressure model to predict the corresponding 
water flux for the FO process, given the bulk concentration or osmotic pressure of 
both the feed and draw solutions. The water fluxes predicted by the revised models 
developed in this study were compared with the water fluxes predicted with the 
previous model, as well as with experimental water fluxes. It was shown that the 
revised models developed in this study can predict water fluxes and model both the 
ECP and ICP phenomenon for the FO process more accurately than the previous 
model. The previous model was not able to predict the water flux at higher draw 
solution concentration accurately with as much as 15% overestimation of the 
experimental water flux when 2M NaCl draw solution was used. It is vital that the 
ECP and ICP models must be capable of predicting water flux accurately at high draw 
solution concentration because the selection of an effective draw solute is usually 
based on its solubility at high concentration in order to generate sufficient osmotic 
pressure as a driving force for the FO process. This current model should be used for 
future FO modeling studies and the better understanding of the effects of 
concentration polarization achieved in this study could allow us to further modify the 
FO process, particularly the membrane structure, to improve water fluxes. 
In order to minimize the effect of ECP, both crossflow velocities and temperature 
should be increased. To further reduce the ECP layer, spacers can be introduced to 
improve water flux across the membrane. Compared to the ICP effect, the 
improvements to water flux by reducing the ECP effect, although appreciable, were 
marginalized. Flux can be distinctly improved by reducing the ICP effect. The most 
effective way of reducing ICP effect is by altering the internal structures of the porous 
layer of the membrane, which is represented by the constant K*. First, the thickness of 
the porous layer can be reduced; however, it must be noted that the porous layer 




serves as a support structure to the membrane. The thickness must coincide with the 
appropriate amount of support for the FO operation. Secondly, the tortuosity of the 
porous layer can be enhanced by altering the internal structure of the porous layer. 
Lastly, the porosity should be improved by having a more open structure of the 
porous layer.  An increase in porosity will reduce K*, thereby minimizing the effect 
of ICP. Ideally, a new type of FO membrane that consists of only a thin dense 
selective layer without porous support, but with sufficient structural strength for FO 
operation would totally eliminate the detrimental effects of ICP on water flux of FO 
process. 
4.5 Theory – Revised external and internal CP models to 
improve flux prediction in FO process 
As described in the previous two sections, all membrane processes suffer from ECP 
effect at the membrane interfaces that are in contact with the bulk fluids because a 
thin layer of fluid at the interface is polarized. Within this thin layer of fluid, transport 
of water and other solutes are only based on convection (i.e., perpendicular to the 
membrane surface) and molecular diffusion. The first ECP model used to describe the 
impact of ECP in FO process was established by McCutcheon and Elimelech (2006). 
Their results proved to be satisfactory for ECP layer that is developed under lower 
bulk NaCl concentration regime. Subsequently, the first part of this study used a 
modified film-model, which is developed from the boundary-layer concept, to 
describe the ECP effect at higher bulk NaCl concentration with much success. 
However, the use of the above ECP models for other FO draw solutes was not 
accounted for. 
Also, the ICP effect exhibits a more severe impact on the reduction of water flux in 
the FO process than the ECP effect due to the fact that there is also an axial flow of a 




salt solution at the porous side of the asymmetric FO membrane. For ICP modeling, a 
previously developed model using the convective-diffusion model had been used 
(McCutcheon and Elimelech, 2006; Gray et al., 2006; Loeb et al., 1997). It was noted 
in the first part of this study that the earlier ICP model has over-predicted the water 
flux in the FO process mainly due to the simplified assumptions used to describe the 
model. An extension to the ICP model was proposed by introducing the diffusivity of 
NaCl as a function of its concentration to determine the solute resistance coefficient 
that was independent of the solute diffusivity. And this modified model performed 
more superior than the previous ICP model in terms of flux prediction. Likewise for 
the modified ICP model, only NaCl solution was taken into account and no other 
draw solutes were considered. 
In the second part of this study, the first objective is to study the applicability of the 
modified ECP and ICP models for FO flux prediction when other possible draw 
solutions are used. For the second objective, it is expected that for the other draw 
solutions, dilution parameter and physical property (diffusivity) variation need to be 
considered when modeling the ECP effect to improve the accuracy of flux prediction; 
hence the modified ECP model will be revised to account for these effects. The third 
objective of this study is to develop a modified ICP model that takes into 
consideration the solute resistance coefficient of each solution, so as to take into 
account the interaction of solute with the porous matrix membrane material occurring 
within the ICP layer. Finally, both the revised ECP and ICP models will be combined 
to determine the accuracy of flux prediction in a FO process when different draw 
solutions are used. 
 




4.5.1 Revised ECP model considering dilution (injection)/suction and property 
(diffusivity) variation 
In order to improve and account for the deficiencies of the previous ECP models, 
physical properties variation (solute diffusivity) effects, and the effects of dilution 
(injection) and suction brought about by the water flux across the membrane need to 
be considered for the ECP model (De and Bhattacharya, 1997; De and Bhattacharya, 
1999; Bhattacharya et al., 2001). Studies had shown that the effect of suction on the 
mass transfer coefficient for the ECP effect is two-fold (Gekas and Hallstrom, 1987; 
van den Berg et al., 1998). This suggests that by incorporating suction effect into ECP 
modeling, the mass transfer coefficient is doubled when compared to coefficient 
without considering suction effect. It is possible to develop a theoretical Sherwood 
relation considering the above mentioned effects for the ECP model. Based on 
average changes in the diffusivity of solute concentration within the ECP layer and 
also dilution effect of the ECP layer, the development of the dilutive ECP model in a 
rectangular channel, as illustrated in Fig. 4.13, for the FO process is shown below. 
 
 
Figure 4.13 Diagram showing the development of solution flow in a rectangular channel. 
Water permeates through the membrane into the channel resulting in the formation of the 












Porous support matrix 
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The solute mass-balance equation, for flow through the rectangular draw solution 




















    (31) 
where D  represents the average diffusivity of solute within the membrane-bulk 
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y       (36) 
a similarity solution for Eq. (31) can be obtained: 






























    (37) 
With the transformed boundary conditions: 


















JM w       (40) 














































     (44) 
The average flux across the whole membrane length can be derived from Eq. (40) as: 



































Pe hww  , Eq. (40) can also be written as: 









Q        (47) 















     (48) 
In order to obtain the mass transfer coefficient, k, for the revised ECP model, an 
expression for the solute mass-balance on the membrane dense layer surface at the 







DCCk      (49) 
By performing a non-dimensional transformation, Eq. (49) becomes: 

















    (50) 
Eq. (49) may be simplified by substituting Eqs. (39) and (41) at 0  into Eq. (50) to 
give: 











k        (51) 
The Sherwood number can be expressed in terms of k and dimensionless channel 















h      (52) 
The average Sherwood number, Sh , which considers average solute diffusivity and 
dilution effect, can be obtained by integrating Eq. (52) over the entire membrane 






434.3       (53) 
According to De and Bhattacharya (1997), typical values for Q vary from very low 
values up to 10. The behaviors of 
P
1
 in Eq. (53) and Sh  depend on variations of Q, 
which implies the effect of water flux dilution on the ECP layer. Figure 4.14 shows 
the variation of 
P
1
 with Q and a best-fit polynomial correlation can be obtained from 
the plot. 





Figure 4.14 Variation of 1/P with Q. Typical range of values of Q is 0 - 10 (De and 
Bhattacharya, 1997). Equation given in figure is the polynomial equation used in Eq. (54). 
 
Therefore, Eq. (53) can be further simplified to obtain the final Sh  equation for 




Scdh    (54) 
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Finally, the water flux due to dilutive ECP effect under normal mode for FO process 
can be calculated by evaluating Eqs. (56) and (2) iteratively. Similarly, the derivation 


















of the concentrative ECP model under reverse mode for FO process can be obtained 
by following the derivation in De and Bhattacharya (1997). The Sh  equation used for 
concentrative ECP is as shown in Eq. (57) and the concentrative ECP model is given 















      (58) 
4.5.2 Revised ICP model in FO modelling for different draw solutions 
According to the first part of this study, the modified ICP model used for FO 
modeling allowed an accurate prediction of water flux when NaCl was used as the 
draw solute. Before this current study, no other studies had performed water flux 
prediction with other draw solutions and all previous models were all restricted to 
using NaCl as draw solute. Results to be shown in subsequent section of this thesis 
suggested that when other draw solutions were used, the modified ICP model with the 
specific K* constant of the FO membrane was not able to predict fluxes that match the 
experimental fluxes. It is highly possible that the K* value used in the modified ICP 
model, in the first part of this study, does not represent the actual resistance to solute 
flux within the porous support layer of the membrane. One possible explanation is 
that other than diffusivity of the solute that can affect the ICP effect in the porous 
support layer, the interaction of the solute with the membrane material may also 
contribute to the actual resistance of the ICP effect. 
The K* value defined in Eqs. (23) and (24) only relates K* to the thickness (t), 
tortuosity (τ) and porosity (ε), which are all free path parameters available for bulk 




flow of solution within the porous matrix of the support layer. The large contact 
surface area within the porous matrix leads us to consider the interactions of the 
porous matrix of the membrane with solutes moving within the matrix. Eqs. (23) and 
(24) should then be revised to include a parameter that involves the affinity of porous 
matrix membrane material with any specific draw solutes to give Eq. (59). 

t
K S       (59) 
It must be noted that the KS value is specific to both the membrane and the interaction 
of the draw solute with the membrane. Therefore, for the same FO membrane used in 
this study, individual KS value need to be determined for all the draw solutes used in 
this study. Following the determination of the KS values, both the modified dilutive 
and concentrative ICP models as shown in Eqs. (23) and (24) respectively, can be 
used for the revised ICP modeling. 
4.5.3 Flux prediction using the revised ECP and ICP models in FO process 
With the revised ECP and ICP models, Jw across the membrane can be accurately 
predicted with the given concentrations for both the bulk feed and draw solutions, 
temperature-associated solutions constants, crossflow rates, and KS and A of the FO 
membrane. For FO modeling in the normal mode, Eqs. (24), (2), (54) and (56) can be 
solved together using an iterative software to give the predicted flux. Eqs. (23), (2), 
(57) and (58) can then be solved iteratively to give flux prediction in the reverse mode. 
The iterative steps are provided in Fig. 4.15. Water fluxes predicted were then 
subsequently compared with experimental data obtained under the same conditions 
prescribed for FO modeling.  






Figure 4.15 Iteration procedures using mathematical software to solve the predicted water 
flux, Jw, in FO process operated in the normal (PRO) mode. For solution to water flux in 
reverse (FO) mode, similar iteration procedures can be used. 
 
Calculate Cd,w using Eq. (56). 
Exit Loop 
Assume initial value of water 
flux, Jw and input crossflow rate 
and molarity of the bulk feed 
and draw solution.  
Calculate
 
using Eq. (54). 
Data bank for physical 
properties of solution at 
25oC, i.e. diffusivity, 
density, viscosity, etc. 
Data bank for membrane 
properties at 25oC, i.e. A, 
B and Ks (Eq. (59)). 
Calculate Cf,w using Eq. (24). 
Calculate new Jw using Eq. (2). 
Check for convergence, i.e. 
calculated Jw = initial Jw. 
Use calculated 
Jw as initial Jw. 





4.6 Results and discussion – Revised external and internal 
CP models to improve flux prediction in FO process 
4.6.1 Determination of pure water permeability, A 
In order to further test the robustness of the previous ECP and ICP models, all 
experiments in this study were conducted at 25
o
C, as compared to the 30
o
C used in 
previous experiments. The membrane permeability constant, A, was determined from 
the gradient between hydraulic pressure and pure water flux using DI water, at 25
o
C, 
as the feed in an RO experiment. The result is shown in Fig. 4.16 and the constant A 






. The constant A was used in Eq. (2) for the FO 
process. 
 
Figure 4.16 Plot of pure water flux against hydraulic pressure for FO membrane at 25oC 










4.6.2 Correlations of physical properties of draw solutions against solute 
concentrations 
The various physical properties of the solutions used in this study were osmotic 
pressure, diffusivity, density and dynamic viscosity. These properties were obtained 
either from OLI software or from other published literature (Referenced in Table 4.2). 
The values of these properties at various solute concentrations were determined for 
the temperature of 25
o
C and then correlated using polynomial equations to simplify 
the calculations of these properties in the revised FO models. The coefficients used in 
each of the polynomial equation for various physical properties of the draw solutions 
are tabulated in Table 4.2. The diffusivities of the various solute used are also plotted 
in Fig. 4.17. It was noted that the diffusivities of both NaCl and KCl did not vary 
significantly when their concentrations were increased, whereas the diffusivities of 
other solutes (i.e., MgSO4, MgCl2, CaCl2 and glucose) changed considerably when 

















Table 4.2 Coefficients of polynomial equations used for various physical properties of 
solutions that were used in this study. 
 
Diffusivity                       




) Diffusivity values 
obtained from Ref. α β Γ θ ψ φ σ 
NaCl 14900 -398 418 -77.6 3.61 - - 
Stokes, 1950; Chang 
and Myerson, 1985 
KCl 17900 3100 -4960 5450 -2750 628 -53.2 
Chang and Myerson, 
1985; Gosting, 1950 
MgSO4 6010 -4250 3030 -1070 140 - - 
Rard and Miller, 
1979a 
MgCl2 10300 384 640 -386 40 - - Miller et al., 1984 
CaCl2 11100 431 969 -409 33.5 - - 
Rard and Miller, 
1979b 
Glucose 6660 -1430 164 -7.29 - - - Castaldi et al., 1998 
Dyanmic viscosity         




) Viscosity values 
obtained from Ref. α β γ θ ψ 
NaCl 894 69.6 6.97 -  -  Laliberte, 2007 
KCl 891 -15.6 7.77 - -  Laliberte, 2007 
MgSO4 889000 647000 -50500 215000 -  Laliberte, 2007 
MgCl2 882000 397000 -71000 70900 -  Laliberte, 2007 








   
Viet Bui and 
Nguyen, 2004 
Density                           
32 MMM     
Solute 




α β Γ θ 
 
NaCl 998 37.5 - - 
Laliberte, 
2007  
KCl 998 43.7 - - 
Laliberte, 
2007  
MgSO4 997 109 - - 
Laliberte, 
2007  
MgCl2 1000 69.2 - - 
Laliberte, 
2007  
CaCl2 1000 78.3 - - 
Laliberte, 
2007  
Glucose 1000 55.4 -4.05 0.118 
Castaldi et al., 
1998  





Figure 4.17 Plots showing the variation of diffusivities (m2 s-1) with increasing concentration 




4.6.3 Flux prediction in FO process with previous ECP and ICP models 
In order to determine the feasibility of both the previous ECP and ICP models for flux 
prediction in FO process, both the accuracies of the FO models used by McCutcheon 
and Elimelech (2006) and the first study of this thesis were tested rigorously by using 
various draw solutions for the FO process. The predicted fluxes obtained from these 
models were then compared with experimental results obtained from the laboratory-
scale FO setup. Figures 4.18 and 4.19 show the comparison of the predicted fluxes 
from both the previous models with the experimental results obtained under both 












Figure 4.18 Plots of water flux (m3 m-2 s-1) against bulk osmotic pressure difference (atm) for 
volumetric crossflow rate of 2.0 L min
-1
 (0.444 m s
-1
). Feed solution was 0.5M NaCl solution. 
All experimental fluxes were conducted in the normal (PRO) mode. K* used in first study 
was 2.75x10
-4





normal mode. All experiments were carried out at 25
o
C. (a) 2.0 to 5.0M NaCl draw solution; 
(b) 2.0 to 4.0M KCl draw solution; (c) 1.5 to 2.6M MgSO4 draw solution; (d) 1.5 to 5.0M 


















Figure 4.19 Plots of water flux (m3 m-2 s-1) against bulk osmotic pressure difference (atm) for 
volumetric crossflow rate of 2.0 L min
-1
 (0.444 m s
-1
). Feed solution was 0.5M NaCl solution. 
All experimental fluxes were conducted in the reverse (FO) mode. K* used in the first study 
was 2.75x10
-4





reverse mode. All experiments were carried out at 25
o
C. (a) 2.0 to 5.0M NaCl draw solution; 
(b) 2.0 to 4.0M KCl draw solution; (c) 1.5 to 2.6M MgSO4 draw solution; (d) 1.5 to 5.0M 
MgCl2 draw solution; (e) 1.5 to 5.0M CaCl2 draw solution; and (f) 2.0 to 3.5M glucose draw 
solution. 
 
As expected, the modified FO models used in the first part of this study could predict 
accurately the water flux for the FO process when NaCl was used as the draw solute 
under both normal and reverse mode. This suggested the excellent repeatability of 
flux prediction for the above mentioned FO models for NaCl draw solution. However, 




when other draw solutes were used for the FO process, only KCl draw solute in 
normal mode demonstrated that the modified FO models can predict the water flux 
accurately (Fig. 4.18(b)). This suggested that the modified dilutive ECP model used in 
the first part of this study for the draw solution side could also be used for KCl draw 
solute, probably because both NaCl and KCl have similar physical characteristics. 
By comparing all results under normal mode, whereby the difference for Figs. 
4.18(a)-(f) is the different draw solutes being used, the results implied that the 
modified dilutive ECP model could not account for the ECP effect when draw solutes 
other than NaCl and KCl were used. This was possibly due to the difference in 
physical characteristics of other solutes with that of NaCl and KCl. As such, the effect 
of dilution or suction and variation of physical properties, especially diffusivity, were 
considered in the revised ECP model proposed in this study. 
For results under reverse mode as shown in Figs. 4.19(a)-(f), whereby the difference 
was the draw solutes being used, the accuracies of flux prediction using the modified 
ICP model used in the first study can vary, depending on the draw solute used. This 
could possibly be due to the K* value used in the calculations. Further analysis on the 
ICP model will be discussed in the subsequent section.  
4.6.4 Impact of revised ECP model on flux behavior 
In order to assess the impact of dilutive ECP on flux only (i.e., without ICP effect), 
FO experiments in this section were carried out in the normal mode (PRO mode) with 
DI water as the feed solution and at varying draw solution concentrations. With 
negligible salt leakage across the membrane by assuming 100% salt rejection, 
negligible ICP effect will be developed within the porous matrix in the feed solution 
side. This assumption was valid because the FO membrane had a non-porous layer 




which had solute rejections of more than 99% for most solutes (Cath et al., 2006; 
McCutcheon et al., 2005). Figure 4.20 shows the effect of dilutive ECP on flux 
behavior for various draw solutions. Flux prediction obtained from Eqs. (2), (54) and 
(56) for the revised dilutive ECP model were plotted at various draw solution osmotic 
pressure to compare with the experimental fluxes. Results obtained from previous 
ECP models (McCutcheon and Elimelech, 2006) and that used in the first part of this 
study were also given in the Fig. 4.20. 
Similar to the conclusion obtained from the previous section of this paper, the 
modified ECP model used in the first study can account for the dilutive ECP effect 
accurately for both NaCl and KCl draw solutions, whereas this model was deficient in 
prediction for the remaining draw solutes used. The revised ECP model proposed in 
this study showed that it could accurately describe the ECP effect for the other draw 
solutes (i.e., MgSO4, MgCl2, CaCl2 and glucose). A possible supporting reason for 
this was that when the physical properties, especially diffusivity, varied significantly 
with changes in solute concentration (Fig. 4.17), their effects on solution flow within 
the ECP layer could become substantial. Hence, the effect of dilution and property 
variation must be accounted for, which is incorporated in the revised ECP model 












Figure 4.20 Plots of water flux (m3 m-2 s-1) against bulk draw solution osmotic pressure (atm) 
for volumetric crossflow rate of 2.0 L min
-1
 (0.444 m s
-1
). Feed solution was DI water. 
Experimental fluxes were conducted in the normal (PRO) mode to study the effect of dilutive 
ECP. Salt flux was assumed negligible and hence ICP effect was insignificant. All 
experiments were carried out at 25
o
C. (a) 2.0 to 5.0M NaCl draw solution; (b) 1.5 to 4.0M 
KCl draw solution; (c) 1.5 to 2.6M MgSO4 draw solution; (d) 1.0 to 5.0M MgCl2 draw 










Various studies on other membrane processes that suffer from ECP effect have also 
supported the significant effect of dilution/suction and property variation on flux 
prediction (De and Bhattacharya, 1997; De and Bhattacharya, 1999; Bhattacharya et 
al., 2001). We expected the modified ECP model developed in the first part of this  
study could be used for accurate flux prediction for NaCl and KCl draw solutions 
because both their diffusivities were the highest among the draw solutions used in this 
study, which possibly indicated a more rapid diffusion of solutes from the bulk draw 
solution into the ECP layer, and this might nullify the effect of solute dilution by 
water transport across the membrane. Also, by analyzing the bulk draw solution 
Schmidt number (Sc), which is a measure of the ratio of kinematic viscosity to the 
solute diffusivity, for all the draw solutes tested, it was found that the Sc values for 
NaCl and KCl draw solutions both ranged between 375 and 674, while the Sc values 
for the other draw solutions were more than 800 and could be as high as 21,000 (Fig. 
4.21). Evidence from various researchers (Gekas and Hallstrom, 1987; van den Berg 
et al., 1998; De and Bhattacharya, 1999) had shown that dilution effect was 
significant only when Sc > 600 and when water flux across the membrane was more 
than 8.33 x 10
-5
 m/s. Since the maximum water fluxes obtained for NaCl and KCl 
draw solutions (Fig. 4.20) were lesser than 2.0 x 10
-5
 m/s and that their Sc values were 
not significantly high, we can conclude that dilution effect due to water flux is not 
significant and that the ECP model developed in the first study should be used to 
determine the mass transfer coefficient for NaCl and KCl solutes. Even though the 
water fluxes for the other draw solutions were also not significantly high, the Sc 
values for all the other draw solutions were higher than 800 (as high as 21,000), 
which caused the dilution effect to become substantial. 






















Figure 4.21 Variation of Sc against molar concentration of different draw solutions. Main 
figure shows the variation of Sc at lower values (up to 2,600). Inset shows the variation of Sc 
over the full range (more than 21,000). 
 
4.6.5 Impact of revised ICP model on flux behavior 
When FO experiments were conducted in the reverse mode (FO mode) with DI water 
as the feed, dilutive ICP at various draw solution concentrations could be observed. 
The modified dilutive ICP model (Eq. (23)) together with Eq. (2) could allow the 
prediction of flux very accurately when NaCl at varying concentrations was used as 
the draw solute. To simplify the model, negligible salt flux across the dense selective 
layer of the membrane was assumed (i.e., B=0) (McCutcheon and Elimelech, 2006; 
first study of this thesis). Figure 4.22 shows the experimental and predicted results in 





















































Figure 4.22 Plots of water flux (m3 m-2 s-1) against bulk draw solution osmotic pressure (atm) 
for volumetric crossflow rate of 2.0 L min
-1
 (0.444 m s
-1
). Feed solution was DI water and 
draw solution concentration varies. Experimental fluxes were conducted in the reverse (FO) 
mode to facilitate the study of dilutive ICP effect. Predicted fluxes were based on the first 
study’s modified dilutive ICP model with K* value of 2.75x10-4 m. Salt flux was assumed 
negligible. All experiments were carried out at 25
o
C. 




It was observed that only the predicted flux when NaCl was used as the draw solute 
could match the experimental flux, whereas flux predictions for the other draw solutes 
were either underestimated or overestimated the dilutive ICP effects. This was 
possibly due to the limitation of the specific solute resistivity, K*, used in the dilutive 
ICP model. In order to overcome this deficiency, K* was modified to account for the 
interaction of the solutes with the membrane material by including a λ parameter to 
give Eq. (59). The KS obtained in this way was specific to both the membrane and the 
solute used; hence it was necessary to calculate the KS value for all the draw solutes 
used in this study. Accuracies of the KS values could be further improved by 
increasing the number of experimental data used to determine KS. With the calculated 
KS values given in Table 4.3, these KS values could then be used together with either 
Eq. (23) or (24) to account for the ICP effect for all the draw solutes used in this study. 
4.6.6 Flux prediction in FO process with revised ECP and ICP models 
With the proposed revised ECP and ICP models, the impacts of ECP and ICP and flux 
prediction were investigated concurrently under both normal and reverse mode. For 
the normal mode, predicted flux can be calculated from Eqs. (2), (24), (54), (56) and 
(59) using the iterative scheme given in Fig. 3. The iterative scheme can also be 
modified to calculate flux under reverse mode using Eqs. (2), (23), (57), (58) and (59). 
Results of the predicted fluxes using both modified FO models and current revised FO 
models and experimental fluxes are plotted in Figs. 4.23 and 4.24.  
Under normal mode (Figs. 4.23(a)- (f)), results showed that when NaCl (Fig. 4.23(a)) 
and KCl (Fig. 4.23(b)) were used as the draw solutions, the modified FO models, used 
in the first part of this study, were accurate in flux prediction, based on the reasons 
given earlier. When MgCl2 (Fig. 4.23(d)), CaCl2 (Fig. 4.23(e)), MgSO4 (Fig. 4.23(c)) 
and glucose (Fig. 4.23(f)) were used as draw solution, the current revised FO models, 




proposed in this study, performed better with more accurate flux prediction when 
compared to the experimental flux.  
Table 4.3 Revised KS values obtained for all draw solutes used in this study. Experimental 
fluxes from Fig. 4.22 was used to determine the revised Ks values. K* value of 2.75x10
-4
 m 
from the first study was used for NaCl. 









1.5 6.35 3.67 
3.59 
2.0 7.58 3.48 
2.5 8.20 3.52 
3.0 8.76 3.61 
3.5 9.56 3.64 
4.0 10.23 3.59 
MgSO4 
1.1 2.29 2.42 
2.41 
1.4 2.48 2.42 
1.8 2.66 2.50 
2.0 2.82 2.36 
2.4 2.94 2.40 
2.6 3.03 2.36 
MgCl2 
2.0 6.04 3.26 
3.26 
2.5 6.46 3.30 
3.0 7.09 3.22 
3.5 7.38 3.24 
4.0 7.49 3.21 
4.5 7.56 3.26 
5.0 7.89 3.33 
CaCl2 
2.0 6.67 2.81 
3.03 
2.5 7.16 2.92 
3.0 7.71 2.91 
3.5 8.09 2.95 
4.0 8.11 3.12 
4.5 8.29 3.17 
5.0 8.23 3.31 
Glucose 
2.2 2.88 3.58 
3.59 
2.5 2.96 3.55 
3 3.10 3.53 
3.5 3.21 3.50 









Figure 4.23 Plots of water flux (m3 m-2 s-1) against bulk osmotic pressure difference (atm) for 
volumetric crossflow rate of 2.0 L min
-1
 (0.444 m s
-1
). Experimental conditions were 
correspondingly the same as Fig. 4.20. Experimental fluxes were all conducted in the normal 
(PRO) mode. K* used in current revised ICP and the first study’s ICP model was 2.75x10-4 m.  




Figure 4.24 Plots of water flux (m3 m-2 s-1) against bulk osmotic pressure difference (atm) for 
volumetric crossflow rate of 2.0 L min
-1
 (0.444 m s
-1
). Experimental conditions were 
correspondingly the same as Fig. 4.19. Experimental fluxes were all conducted in the reverse 
(FO) mode. K* used in the first study’s ICP model was 2.75x10-4 m. KS used in current 
revised ICP model were (a) 2.75x10
-4
 m; (b) 3.59x10
-4
 m; (c) 2.41x10
-4
 m; (d) 3.26x10
-4
 m; (e) 
3.03x10
-4








According to the previous section, the modified ECP model used in the first part of 
this study was applicable for NaCl and KCl solutes, hence this model was coupled 
with the revised ICP model, with KS values determined in Table 4.3, for flux 
prediction in FO process under reverse mode. This combined model (modified 
concentrative ECP model for NaCl feed solution and current revised concentrative 
ICP model for all draw solutions) was used for flux prediction under reverse mode. 
Under reverse mode (Figs. 4.24(a)-(f)), this combined model allowed accurate flux 
prediction for all draw solutions used in this study. Since the feed used in Figs. 
4.24(a)-(f) was consisted of 0.5M NaCl, the feed side of the FO process would suffer 
from the same concentrative ECP effect (modified concentrative ECP model could be 
used). The difference between these figures is the use of different draw solutions. 
These results also supported the use of the specific KS values, determined in Table 4.3, 
in the revised ICP models. 
4.6.7 Conclusion 
Water fluxes for the FO process using 6 different draw solutes were predicted using 
revised FO models proposed in this study. Previous modified ECP model (used in the 
first part of this study) can predict the flux behavior for the FO process accurately 
with NaCl or KCl as the draw solute. This is applicable when Sc values was less than 
800 (for this study) or when the water flux across the membrane was low. However, 
when other draw solutes were considered, the previous modified ECP model (used in 
the first part of this study) under-predicted the water fluxes. The effects of 
dilution/suction and property (diffusivity) variation were 
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included in the revised ECP model to improve the accuracy of prediction. The 
modified ICP model (used in the first part of this study) was also revised by 
considering a solute resistivity constant, K*, that is specific to the FO membrane for 
each draw solute used. The revised ICP model with the solute specific KS proposed in 
this study could improve the accuracy of the ICP effect because of the different 
degree of interactions of the different solutes with the porous matrix membrane 
material. By comparing with experimentally determined water fluxes, for the FO 
process operated in the normal (PRO) mode with 0.5M NaCl as the feed, water flux 
could be predicted using: (1) Modified dilutive ECP model (first study) coupled with 
the current revised concentrative ICP model for NaCl and KCl draw solutes, and (2) 
Current revised dilutive ECP model coupled with the current revised concentrative 
ICP model for MgSO4, MgCl2, CaCl2 and glucose draw solutes. For the FO process 
operated in the reverse (FO) mode with 0.5M NaCl as the feed, the water flux could 
be predicted using modified concentrative ECP model (first study) coupled with the 
current revised dilutive ICP model for all draw solutes used in this study. 
4.7 Draw solution selection for a novel hybrid FO–NF 
process 
Recently, several studies on the FO process were aimed at utilizing FO in desalination. 
However, most of those studies have not matured or proven feasible. This was 
probably due to the fact that proposed draw solutions had their limitations, as 
described in the literature review. The FO process utilizes a draw solution that has a 
higher osmotic pressure than the feed solution and this osmotic pressure gradient 
across a highly-selective membrane results in water flux across the membrane. 
Various draw solutions at high concentration can have exceedingly large osmotic 
pressure, potentially leading to a more energy efficient water flux and recoveries as 
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compared to the more expensive RO process. One of the major challenges in the 
development of FO process for seawater desalination is the lack of an ideal draw 
solution. Previously, McCutcheon et al. (2005) proposed an ammonia-carbon dioxide 
FO process for seawater desalination, which reportedly used lower pumping energy 
than RO process. However, the availability of waste heat and the stringent quality of 
the final product water might restrict the progress of using this draw solute. 
Nonetheless, these studies opened up opportunities for further research on FO process 
for various applications. As demonstrated by McGinnis et al. (2007), an FO system 
for seawater desalination could theoretically use 85% less energy as compared to RO 
system. Hence other potential draw solutions together with a suitable recovery system 
need to be studied to further develop the FO process for seawater desalination.  
To utilize FO for desalination, it is usually necessary to combine the FO process with 
a post-treatment process in order to separate the draw solute from the product water, 
and various post-treatment have already been studied (Cath et al., 2006). Thermal 
decomposition and other membrane processes, such as RO, had been proposed as the 
regeneration means of the draw solution. However, the energy cost associated with 
using RO for the regeneration of the draw solution was significantly higher, due to its 
high operating hydraulic pressure, which in effect defeats the purpose of using the FO 
process for desalination. Instead, nanofiltration (NF), which is a low pressure 
membrane process, can be used for effective removal of bivalent ions and other larger 
molecular weight solutes. Both Wang et al. (2005) and Mohammad et al. (2007) 
demonstrated that as high as 99% rejection can be achieved for bivalent salt solution. 
Therefore, the NF process can be proposed as an alternative regeneration method for 
the draw solution. 
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In this study, a hybrid forward osmosis-nanofiltration (FO-NF) process, which was 
expected to be lower in operating cost than current desalination technologies, was 
proposed for seawater desalination. This FO-NF process would be able to achieve 
regeneration of the draw solution and production of clean product water. The FO-NF 
process requires a draw solution that can generate a large osmotic pressure as a 
driving force for the FO process to extract water from the seawater feed. This draw 
solution must also be able to be removed via the NF post-treatment to produce clean 
product water and regenerate the draw solution for reuse in the FO process. Seven 
potential draw solutes, namely NaCl, KCl, MgCl2, CaCl2, MgSO4, Na2SO4 and 
C6H12O6, were tested using laboratory-scale FO and NF test cells to assess their 
suitability as FO draw solutions.  
The first objective of this study was to investigate the feasibility of the seven potential 
solutes, as mentioned above, as the draw solutes in the FO process. A laboratory-scale 
FO test setup was used to study the performances of these draw solutes in terms of 
water fluxes and solute rejections. The second objective was to further select the 
solutes (from the seven solutes tested) for testing using a laboratory-scale NF setup, to 
evaluate the performance of these solutes in the post-treatment recovery. Finally, the 
system configuration of the hybrid FO-NF process was proposed based on the target 
quality of the product water.  
4.7.1 FO tests on water fluxes for various draw solutions at varying 
concentration 
The first set of experiments was conducted to determine the water fluxes for the seven 
different draw solutes using a laboratory-scaled FO setup by varying the draw 
solution concentrations. These experiments were conducted in the normal mode (PRO 
mode) and with DI water as the feed water to evaluate the maximum water flux that 
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can be achieved for the four draw solutions. The results are as shown in Fig. 4.25. It 
was observed that as the concentration (or osmotic pressure) of the draw solution 
increased, the water flux would also increase. However, the increase in water flux for 
most of the draw solutions was not linear to that of the increase in osmotic pressure, 
and this was attributed to the presence of ECP effect on the draw solution side during 
the FO process, in line with the conclusion obtained from the modelling studies in this 
thesis.
 
Figure 4.25 Graph of water flux against draw solution osmotic pressure for the seven draw 
solutes investigated using the laboratory-scale FO test cell. The test is conducted in the 
normal (PRO) mode. The draw solution concentrations ranged from as high as 0.6 to 5 M. 
The feed solution was DI water. Dotted box represents operating range for RO. 
 
According to Fig. 4.25, both MgCl2 and CaCl2 generated the largest osmotic pressure 
(as high as 1400 atm, not shown in Fig. 4.25) because of their high solubility in water.  
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 (LMH) of pure water flux was achieved by MgCl2 and CaCl2 
draw solutes. Both of them could generate significantly larger osmotic pressures than 
MgSO4 and Na2SO4 draw solutes tested. The remaining three draw solutes (MgSO4 
and Na2SO4 and C6H12O6) produced much lower water fluxes than MgCl2 and CaCl2 
draw solutes. This indicated that the ECP effects were more severe when MgSO4 and 
Na2SO4 draw solutes were used. By comparing the operating range of hydraulic 
pressure with corresponding water flux for seawater RO, it can be observed that three 
of the draw solutes, except MgSO4, could potentially produce comparable or even 
higher water fluxes than the RO process. Even though FO process using MgSO4 draw 
solute produced lower water flux when compared to the RO process, it would still be 
considered as a potential draw solution as it only performed marginally lower than the 
RO process. 
Similar to RO membrane, the FO membrane is non-porous and is expected to achieve 
a very high solute rejection for all the solutes tested. Table 4.4 shows the average 
solute rejection for each of the seven draw solutions that were obtained from the FO 
test over a testing duration of 2 h for each corresponding solution concentration 
(according to the corresponding draw solution osmotic pressure in Fig. 4.25). Results 
indicated that the solute rejection of this FO membrane was higher than 99.47% 
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Table 4.4 Average solute rejection of the FO membrane tested for the seven draw solutes 
investigated. 
Draw solute 
Solute rejection of 









4.7.2 Selection of forward osmosis draw solution based on forward osmosis 
testing for seawater desalination 
In order to select a draw solution that is suitable for using FO in seawater desalination, 
water fluxes for the seven different draw solutes were determined from laboratory-
scaled FO setup under varying draw solution concentrations. The FO experiments 
were conducted in the reverse mode (FO mode) and with 0.6M NaCl solution as the 
feed water to simulate seawater. These results are as shown in Fig. 4.26. 
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Figure 4.26 Graph of water flux against bulk osmotic pressure difference for the seven draw 
solutes investigated using the laboratory-scale FO test cell. The draw solution concentrations 
ranged from as high as 0.6 to 5 M. The feed solution was 0.6M NaCl solution, which 




It was observed that as the concentration (or osmotic pressure) of the draw solution 
increased, the water flux also increased. However, the increase in water flux for most 
of the draw solutions was not linear to that of the increase in osmotic pressure, and 
this was attributed to the effect of CP occurring on both sides of the FO membrane. 
According to Fig. 4.26, both NaCl and KCl draw solutions produced the highest water 
flux of more than  25 LMH, while both MgCl2 and CaCl2 generated the largest 
osmotic pressure (as high as 1400 atm, not shown in Fig.4.26) because of their high 
solubility in water. Even though MgCl2 and CaCl2 could generate significantly larger 
osmotic pressures than all other draw solutes tested, the corresponding water fluxes 
were only comparable to that of NaCl and KCl. This was probably due to the more 
severe CP effect for both the MgCl2 and CaCl2 draw solutions. The remaining three 





CHAPTER FOUR – RESULTS AND DISCUSSION 
FO DRAW SOLUTION SELECTION 
154 
 
the above mentioned four draw solutes. This suggested that the CP effects were much 
more severe for these three draw solutes. According to modelling results, CP effects 
could reduce water fluxes by as much as 50% of theoretical water fluxes. 
Figure 4.27 shows the experimental water flux for Na2SO4 as compared to its 
theoretical water flux. At a feed-draw osmotic pressure difference of about 48 atm, 
the theoretical water flux was 61.0 LMH, and was almost 8 times higher than that of 
the experimental water flux at 7.7 LMH. This indicated that the actual water fluxes 
for Na2SO4 could potentially be increased to a much larger value than the 
experimental water fluxes shown in Figure 4.26. 
 
Figure 4.27 Graph of water flux against feed-draw osmotic pressure difference for Na2SO4 
investigated using the laboratory-scale FO test cell. The test was conducted with the FO 
membrane oriented in the reverse (FO) mode. The draw solution concentrations ranged from 
0.6 to 5 M. The feed solution was 0.6M NaCl solution, which simulated seawater. The 
theoretical flux was calculated based on the water permeability of the FO membrane obtained 
from modelling studies. 
 
In order to evaluate the feasibility of the hybrid FO-NF process, the seven draw 
solutes were further selected and their performance in NF process, based on water 
flux and rejection efficiency, were evaluated so as to produce a good quality product 
water. According to Mohammad et al., (2007), their experimental NF results showed 
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that for NaCl and KCl at high concentrations, the maximum NaCl rejection achieved 
was less than 40% and that of KCl was only 65%. Therefore both NaCl and KCl were 
not selected for further NF test in this study. CaCl2 was also not selected for further 
NF test because CaCl2 solution at high concentration, when exposed to atmosphere, 
would produce precipitates, which were formed when CO2 gas dissolves into the 
solution to form CaCO3 precipitates, causing serious scaling issues. We also observed 
that the while conducting the FO test using CaCl2, precipitates were observed in the 
draw solution tank, indicating a high possibility of scaling in actual operation. Even 
though the NF membrane used in their study was different from the one used here, 
their results indicated that the NF process can be potentially used for regenerating the 
bivalent salts draw solutions. Finally, the performances of the remaining four draw 
solutes, MgCl2, MgSO4, Na2SO4 and C6H12O6, were tested using the laboratory-scale 
NF test setup. 
4.7.3 Selection of FO draw solution based on NF testing for seawater 
desalination 
The second part of this study involved the testing of MgCl2, MgSO4, Na2SO4 and 
C6H12O6, using a laboratory-scale NF test cell to determine the regeneration of the 
four FO draw solutions, and also to evaluate the quality of the final product water 
from the FO-NF process. Previously, no other NF studies had investigated the solute 
rejection of NF process at very high solute concentration. In Mohammad et al. (2007), 
the maximum solution concentration that was investigated was only 20,000 ppm (~ 
0.1 M). Therefore, it is pertinent for this study to study the NF process for solution 
concentration higher than 0.1 M. Figure 4.28 shows the water fluxes at varying 
solution concentrations for MgCl2, MgSO4, Na2SO4 and C6H12O6, with a hydraulic 
driving force of 35 atm (490 psi). For all the plots of different solutions, they followed 
similar trend, whereby the water fluxes decreased when the solution concentration 
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was decreased. This is due to the increase in opposing osmotic pressure, which would 
reduce the effective hydraulic driving force for the production of permeate across the 
NF membrane. As the solution concentration was increased, the opposing osmotic 
pressure would increase and thereby, reducing the effective hydraulic pressure.  
Results in Fig. 4.28, conducted using GE HL NF membrane, suggest that the draw 
solution concentration must not be too high as it reduces the water flux to a value that 
is too low for efficient permeate production for NF. When 0.6M Na2SO4 solution was 
used as the NF feed water, a water flux of only 5.38 LMH was produced. However, 
when the concentration was reduced to 0.5 M, the water flux almost doubled to 10.6 
LMH. Although C6H12O6 draw solution had slightly higher fluxes than the other three 
solutes, C6H12O6 was not recommended for use as the draw solution for the hybrid 
process because it is susceptible to degradation by microorganisms, thereby rendering 
the reusability of the C6H12O6 draw solution difficult. Hence, we can also conclude 
that the selection of the draw solute is also based on its stability and must not degrade 
(physical, chemical or biological) upon reuse. Therefore degradable organic draw 
solutes should be avoided for recycled usage. 
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Figure 4.28 Graph of water flux against solution concentration for the selected four draw 
solutes investigated using the laboratory-scale NF test cell. The NF feed solution 
concentrations ranged from as high as 0.2 to 1 M. The hydraulic pressure was maintained at 




Solute rejection of the NF process is also another important parameter for determining 
the draw solution for effective use in the FO-NF system. Figure 4.29 shows the results 
for solute rejection against NF feed solution concentration for the four draw solutes 
tested. It can be observed that Na2SO4 rejection by NF membrane could be 
maintained above 90% for increasing solution concentration. The solute rejection for 
the other three solutes (MgCl2, MgSO4 and C6H12O6) decreased to below 90% at 
higher solute concentration, with MgCl2 rejection decreasing to less than 57% when 
the NF feed solution was at 0.6M MgCl2. Therefore, a single-pass NF process is not 
capable of producing good quality product water and that another polishing step, such 
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Figure 4.29 Graph of solute rejection against diluted draw solution concentration for the 
selected four draw solutes investigated using the laboratory-scale NF test cell. Process 
paramaters are the same as Fig. 4.28. 
 
4.7.4 Conclusion 
In conclusion, the results obtained from laboratory-scale FO and NF tests suggested 
that both MgSO4 and Na2SO4 could be used as potential draw solutes for the hybrid 
FO-NF process. Depending on the concentration of the draw solutes, acceptable water 
fluxes for both FO and NF processes could be achieved. Solute rejection of over 99.4% 
for the FO membrane could be maintained for all seven draw solutes tested. Likewise, 
a maximum of 97.9% solute rejection of the NF membrane for the four selected draw 
solutions could be achieved. One important key consideration to note is that based on 
the NF reconcentration of the draw solutions, the permeate produced after a single-
pass NF process will yield a permeate solute concentration of more than 500 mg/L, 
which is above the recommended drinking water guideline provided by the World 
Health Organisation (Guidelines for drinking-water quality (GDWQ), WHO 2006). 
As such, a further polishing step need to be considered for seawater desalination using 





CHAPTER FOUR – RESULTS AND DISCUSSION 
HYBRID FO-NF PROCESS FOR SEAWATER DESALINATION 
159 
 
the feasibility of this system for seawater desalination over other proposed FO system 
suggested by other researchers, the hybrid FO-NF system was capable of desalinating 
seawater that meet drinking water guidelines with a final polishing step. Also, the 
energy consumption of the post treatment NF process was low with an expected 
operating pressure of less than 40 bar, as opposed to seawater RO that typically uses 
at least 60 bar for the 1
st
 Pass. 
4.8 Hybrid FO–NF process for seawater desalination 
4.8.1 Performance of hybrid FO-NF process using bivalent draw solutions 
According to results of the FO and NF tests in the previous sections, the most likely 
draw solution to be used for the hybrid FO-NF process is Na2SO4 or MgSO4. In order 
to produce a good quality product water, the FO-NF process should encompass a two-
pass NF regeneration process as shown in Fig. 4.30. This ensures that the product 
water is within the recommended drinking water guideline provided by the World 
Health Organisation (Guidelines for drinking-water quality (GDWQ), WHO 2008).  
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Further experiments using the NF test cell were conducted with a purportedly better 
NF membrane (DOW NF90) than the previous membrane (GE HL NF), at 45 bar 
hydraulic driving force, to investigate the performance of NF in the reconcentration of 
diluted draw solutions for seawater desalination. Figure 4.31 shows the water flux 
achieved from using four different diluted draw solution (NF feed) with first-pass NF. 
Results indicated that water fluxes for reconcentrating MgSO4 at the concentration 
range indicated in Fig. 4.31 were the lowest while that of MgCl2 and Na2SO4 were 
higher and comparable to each other. Water fluxes for NaCl were also given for 
comparison purpose. In addition, Fig. 4.32 indicated that NF first-pass permeate 
concentration for reconcentrating MgSO4, MgCl2 and Na2SO4 could achieve lower 
than 3,800 mg/L with more than 97.9% solute rejection achievable. One important 
thing to note was that based on the results in Figs. 4.31 and 4.32, MgCl2 was the most 
suitable candidate as FO draw solution for the hybrid FO-NF system. However, it was 
observed that upon increasing the concentration of MgCl2 for reconcentration from 
0.6 to 0.7M, the rejection of MgCl2 decreased sharply (in the region of about 60%) 
and permeate MgCl2 concentration would be too high (above 8,000 mg/L) for 
effective seawater desalination. Also, at higher MgCl2 concentration, pH of the draw 
solution would be lower than 5 due to formation of OH
-
 species with Mg
2+
 ions. 
Therefore, the next most appropriate draw solution, Na2SO4, was selected as the most 
ideal draw solution for hybrid FO-NF seawater desalination.  
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Figure 4.31 Graph of water flux against NF feed osmotic pressure with corresponding 
solution concentration shown for the selected four draw solutes investigated using the 
laboratory-scale NF test cell with DOW NF90 membrane. The hydraulic pressure was 
maintained at 45 bar. Temperature of the system was maintained at 25
o
C. 

































































































Figure 4.32 Graph of permeate concentration and solute rejection against NF feed osmotic 
pressure with corresponding solution concentration for the selected four draw solutes 
investigated using the laboratory-scale NF test cell with DOW NF90 membrane. Conditions 
were the same as Fig. 4.31. 
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Further experiments were conducted to simulate the second-pass NF performance. In 
Fig. 4.33, above 99% solute rejection is achievable with a final permeate quality of 
MgSO4, MgCl2 and Na2SO4 at lower than 100 mg/L. This showed that bivalent FO 
draw solutes could effectively be used in the hybrid FO with two-pass NF process for 
seawater desalination, particularly using Na2SO4 draw solute which achieved the best 
permeate quality. 




































































Figure 4.33 Graph of second-pass permeate concentration and solute rejection against NF 
feed for the selected four draw solutes investigated using the laboratory-scale NF test cell 
with DOW NF90 membrane. 
 
Table 4.5 shows the permeate water quality for the hybrid FO-NF process with the 
two-pass NF regeneration process, using solute rejection values for Na2SO4, MgSO4 
and MgCl2, obtained using DOW NF90 membrane. With this system configuration, 
the permeate water quality using Na2SO4 draw solution shall fall within the 
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recommended total dissolved solids (TDS) guideline, achieving a low TDS value of 
37.1 mg/L. This showed that the hybrid FO-NF process with a two-pass NF 
regeneration system could potentially desalinate seawater into good quality drinking 
water. Further optimization of the proposed FO-NF process is required to enhance the 
water flux and further improve the permeate water quality. 
Table 4.5 Permeate water quality for a hybrid FO-NF process with two-pass NF regeneration. 
 














MgCl2 58900 (0.62) 4123.0 824.6 
500 MgSO4 120000 (1.0) 588.0 <10.0 
Na2SO4 142000 (1.0) 3706.2 37.1 
 
4.8.2 Pumping energy consumption for the hybrid FO-NF process for seawater 
desalination 
Previous FO studies established that, two of the main advantages of FO over RO are 
the lower fouling propensity of the FO membrane (Mi and Elimelech, 2008) and 
lower pumping energy requirement of the FO process (McGinnis and Elimelech, 
2007). A study done by McGinnis and Elimelech (2007) estimated that the ammonia-
carbon dioxide FO process could potentially utilize 85% lesser energy than the RO 
process, with the provision of waste heat from a power plant or incineration plant. 
Evidently, these benefits could possibly open up further research on FO for 
desalination. In order to substantiate that the hybrid FO-NF process could be an 
alternative to RO process, it is pertinent that the FO-NF process requires a lower 
energy requirement than the RO process for seawater desalination. In this study, 
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estimation on the overall pumping energy required for the FO-NF process was 
calculated based on the method used in Darwish et al. (2002) for the RO process.  
According to Table 4.6 and by assuming an overall water recovery of 45% for the 
hybrid FO-NF process and with all other parameters being the same as in Darwish et 
al. (2002), it was determined that the power consumption for the hybrid FO-NF 
process for seawater desalination, using 1.0M Na2SO4 as the draw solution, requires 
2.29 kWh/m
3
 while that of the RO process requires 3.10 kWh/m
3
. This preliminary 
calculation suggested that the FO-NF process could potentially use more than 25% 
lesser energy than the RO process. In fact, 1
st
-Pass of the NF regeneration of the 
hybrid process, with an operating hydraulic pressure of 40 bar, used more than 70% 
of the total energy required. It must be noted that by optimizing the FO-NF process, 
possibly by using better performance FO and NF membrane, and using a lower 
hydraulic pressure for 1
st
-pass NF, it is possible to improve energy utilization and 
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Table 4.6 Preliminary calculations on the energy requirement of hybrid FO-NF system for 
seawater desalination. Energy requirement for 2-stage RO system is also included for 
comparison. 
Process 2-stage RO FO-NF-NF 
Production capacity, m3/d 1000 1000 
Overall recovery 0.45 0.45 
Pass-one feed pressure, bar 60 40 
Pass-two feed pressure, bar 20 10 
High power pump efficiency 0.885 0.885 
Energy recovery, Pelton wheel 0.92 0.92 
FO feed pump power consumption, kW  -- 4.36 
Stage-one feed pump power consumption, kW 183.55 174.37 
Stage-two feed pump power consumption, kW 27.53 14.53 
Total pump power consumption, kW 211.08 193.26 
Total recovered power, kW 81.88 97.90 
Net energy consumption, kW 129.19 95.30 
Specific work, kWh/m3 3.10 2.29 
 
A comparison with exiting seawater desalination technologies showed that a hybrid 
FO-NF process had the lowest pump energy consumption (equivalent energies for 
MSF and MED were used for comparison) when compared to RO, MSF and MED as 
shown in Fig. 4.34. 
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Results from the laboratory-scale FO and NF tests in this study suggested that Na2SO4 
could possibly be the most suitable draw solution for the proposed hybrid FO-NF 
process for seawater desalination. Reasonable water fluxes for both FO and NF 
processes could be achieved, with the FO water flux for Na2SO4 draw solution 
potentially to be increased by almost 8 times. Solute rejection of the FO and NF 
membrane for Na2SO4 could be maintained at 99.97% and more than 90%, 
respectively. In order to produce a good quality product water that meets the 
recommended TDS of the GDWQ from WHO, a hybrid FO-NF process with two-pass 
NF regeneration is proposed. It was possible to desalinate seawater with this process 
to obtain product water with a TDS of 37.1 mg/L. Preliminary calculations suggested 
that the energy requirement of the FO-NF for seawater desalination was 2.29 kWh/m
3
, 
which was more than 25% lower than the RO process. Further work needs to be done 
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process. The effective water flux of the process should be further enhanced. Finally, 
energy utilization could be further reduced by optimizing the operating parameters of 
the two-pass NF of the hybrid process. 
4.9 Hybrid FO–MBR for domestic wastewater reclamation 
to produce high quality product water 
The FO-MBR is similar to a conventioal MBR, which may be operated either in the 
sidestream or the submerged mode (Judd, 2006). In the FO-MBR system, wastewater 
is fed into a bioreactor with continuous aeration to provide oxygen for the biomass 
and to scour the membrane (as in a submerged FO-MBR). A draw solution is pumped 
through the FO membrane module to create an osmotic pressure difference between 
the feed and the draw solution, and this osmotic driving force causes water to be 
transported from the bioreactor, across the FO membrane, into the draw solution. As 
the FO membrane is non-porous, it is capable of retaining almost all of the organic 
contaminants and mineral salts within the bioreactor. The diluted draw solution is 
then sent to a reconcentration process (high-rejection membrane process or distillation) 
to reconcentrate the draw solution and meanwhile producing high quality product 
water. The main advantage of using FO-MBR, which uses a non-porous FO 
membrane instead of a porous membrane (microfiltration or ultrafiltration), over 
conventional MBR is that it is likely to have a lower fouling propensity, since no 
hydraulic suction pressure is applied to filter water. In addition, when comparing FO-
MBR coupled with reconcentration process with conventional MBR followed by RO, 
quality of the final product water should be comparable and the energy consumption 
might even be lower than the latter system. However, the main challenges of FO-
MBR system are the lack of an ideal draw solution with an appropriate 
reconcentration process and also the optimized operating parameters, particularly the 
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MCRT. In previous studies, feasibility studies on FO-MBR were focused on testing 
the performance (in terms of flux and solute rejection) as well as the flux decline due 
to fouling (Cornelissen et al., 2008; Achilli et al., 2009). Operating parameters were 
not determined or optimized.  
Based on previous studies, the first issue to be addressed was to fabricate a reliable 
submerged FO module for effective operation. In the first part of the study on FO-
MBR in this thesis, computational fluid dynamics (CFD) was used to understand the 
draw solution fluid flow within a plate-and-frame FO module and modifications were 
conducted to fabricate a more effective module to be used in the laboratory-scale FO-
MBR system. With the optimized membrane module, two separate tests were 
conducted to investigate the effect of different MCRT on FO-MBR operation and the 
effect of backwash and chemical cleaning to mitigate flux decline. These results were 
important for pre-determining the operating conditions of a pilot-scale FO-MBR 
system to be conducted in future works.   
4.9.1 Computational fluid dynamics study to optimize FO-MBR membrane 
module design 
In order to fabricate a reliable submerged FO module for effective operation, CFD 
was conducted to understand the draw solution fluid flow within a plate-and-frame 
FO module. Meshing software, Gambit 2.1.6, was used to mesh the 3-dimensional 
figure of each membrane module, and CFD software, Fluent 6.2.16, was used to 
calculate and simulate the flow velocity of the draw solution within the membrane 
module. Initially, three plate-and-frame membrane modules, 1-chamber, 4-chamber 
and 6-chamber modules, denoted as V1, V2 and V3, respectively, were used as initial 
designs to study the flow velocities within the membrane modules. Each of the 
modules had a dimension of 316 x 226 x 6 mm, with 2 x FO membranes, one on each 
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side, encasing the membrane module. Prior to achieving CFD results that are reliable 
and realistic, meshings on the 3-D figures of the membrane modules need to be 
optimized. The largest mesh size used was 1 x 1 x 1 mm cuboid for CFD calculations 
and the mesh size was reduced accordingly to reduce fluctuations and improve 
accuracies. Figure 4.35 shows examples of CFD flow patterns within modules V1, V2 
and V3. The dotted lines in Fig. 4.35 represent the locations where velocities of fluid 
flows were obtained to monitor fluctuations and to optimize mesh size. Accordingly, 
Fig. 4.35(a) showed that the velocity countours represented by the colour scheme 
indicated that a large section of V1, particularly at the center chamber had void or low 
velocity flow occurring. Hence, mixing was ineffective and water flux was likely to 
be reduced. For Fig. 4.35(b), fluid velocity in V2 was more homogeneous than that of 
Fig. 4.35(a) due to the channelled chamber, which allowed fluid to be well mixed. 
Furthermore, Fig. 4.35(c), showing the fluid velocity of V3, indicated the most 
homogeneous fluid flow as the mixing was improved drastically. 
Velocity profiles along the dotted lines in Fig. 4.35 were used to evaluate the 
optimum mesh sizing for accurate computation and simulation of velocity profiles. 
Velocity profiles of V1, V2 and V3 are as shown in Fig. 4.36. According to the results 
shown in this figure, for V1 and V2 membrane modules, the optimized mesh size 
should be 194 x 284 x12 mesh in the x-, y- and z-direction, respectively. As for V3 
membrane module, the optimized mesh size should be 194 x 284 x 24 mesh. 
Therefore, based on these results, one could observe that V1 was the worst membrane 
module design due to the poor mixing (low velocity flow)  in the center portion of the 
chamber. Both V2 and V3 could achieve good mixing due to the segregated zones to 
increase velocity flow. 
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Figure 4.35 Contours of velocity profile (m s-1) for fluid flow within the membrane module. 
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Figure 4.36 Velocity profiles of fluid flow within membrane channels. These profiles are 
according to the dotted lines in Fig. 4.35. (a) 1-chamber (V1); (b) 4-chamber (V2); and (c) 6-
chamber (V3). 
 
An experimental study was conducted using fabricated V1, V2 and V3 membrane 
modules to verify the observations obtained from the CFD results and to 
experimentally select the optimum membrane module for FO-MBR. The results 
obtained were similar to that obtained from this CFD study, with V1 achieving the 
lowest flux, while V3 had the highest flux. This indicated that poor mixing in the 
single chamber V1 membrane module resulted in overall lower water flux. Even 
though the total effective area of V2 and V3 were lower than that of V1, the total 
water permeation across V2 and V3 were higher than that of V1. Hence, V3 
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that the sharp edges within the membrane modules that were used to create the 
multiple chambers were prone to pierceing the FO membranes encasing the module. 
As a result, a modified V3 membrane module, denoted as V3-M, was designed and 
fabricated to reduce the risk of damaging the membrane. A CFD simulation was 
conducted and was found to have similar velocity profile contours with that of V3. 
Therefore, V3-M was used for future FO-MBR studies. The contours of the velocity 
profiles for V3-M obtained from CFD simulation is as shown in Fig. 4.37. 
 
Figure 4.37 Contours of velocity profile (m s-1) for fluid flow within the V3-M membrane 
module.  
 
4.9.2 Effect of MCRT on laboratory-scale FO-MBR system without membrane 
cleaning 
With the selection of the optimum FO-MBR membrane module, i.e., V3-M module, 
further experimental studies were conducted to investigate the feasibility of adopting 
FO for the treatment and reclamation of domestic wastewater via a hybrid FO-MBR 
system. The detailed method used in this part of the study can be found in Chapter 3. 
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A brief summary with regards to the operating parameters of the laboratory-scale 
hybrid FO-MBR is given here. In this study, three identical laboratory-scale 
submerged FO-MBRs with NF post-treatment system were operated simultaneously. 
The schematic diagram of a typical hybrid FO-MBR-NF system is as shown in Fig. 
3.3. Each of the three FO-MBR had a HRT of 6 h. The MCRT of each FO-MBR was 
controlled using a timer based wasting pump to remove excess biomass. As this 
study’s main objective was to study the effects of different MCRTs on FO membrane 
performance, the MCRTs were varied and controlled at 3, 5 and 10 d. During the 
operation of the FO-MBR systems, the draw solutions were diluted and volume of 
solution in the draw tanks increased with time. Daily flux of each FO-MBR was 
monitored and calculated from the weight changes of each draw tank. When the 
concentration of the draw solutions were diluted to a predetermined value, the 2-pass 
NF reconcentration system was operated to reconcentrate the draw solution back to its 
original concentration. In addition, the final permeate quality from the NF system was 
monitored. 
In the initial phase of the study, laboratory-scale FO-MBR system, using domestic 
wastewater as feed, was operated continuously for 39 d to study the performance of 
the FO-MBR system without any membrane backwash or cleaning. Water fluxes and 
feed, reactors and draw solution conductivities were monitored daily with NF 
reconcentration, sampling and testing of COD, TOC, TDS and TN were conducted 3 
times weekly. These allowed the key performance parameters to be quantified and 
feasibility of these systems for domestic wastewater treatment to be determined. 
Water fluxes for the FO-MBRs were evaluated to verify the FO-MBR experimental 
fluxes with the expected flux based on earlier results. For the 3 FO-MBR systems, a 
water flux of almost 9.0 LMH was produced at the beginning of the operation, as 
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shown in Fig. 4.38. This was similar to the expected flux determined previously. As 
the systems stabilizes, the water flux averaged between 6-8 LMH. This is possibly 
due to fouling of the FO membranes. Since no backwashing was implemented during 
the operation, we expected to observe different fouling rates (flux decline profiles) in 
the 3 FO-MBRs. However, we observed no difference in terms of flux decline among 
the 3 systems and hence fouling rates were not conclusive. From Fig. 4.39, it was also 
observed that the conductivity in each FO-MBR increased as the number of days of 
operation increased. In fact, elevated conductivity in the FO-MBRs could reduce the 
effective osmotic pressure difference between the mixed liquors and the draw 
solutions, thereby reducing the water fluxes cross the FO membranes. This could 
possibly contribute to the flux decline as shown in Fig. 4.38. However, it was not 
possible to distinguish between fouling-induced and elevated conductivity-induced 
flux decline. Further studies need to be conducted to mitigate one of the above in 
order to quantify especially the elevated conductivity-induced flux decline. 
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Figure 4.39 Graph showing the effect of different MCRTs on the increase in FO-MBR 
conductivity.  
 
Results in Table 4.7 showed that all of the 3 FO-MBRs with different MCRTs 
achieved high contaminant removal efficiencies during the whole experimental 
duration of 39 d. TOC removal efficiencies in the 3 FO-MBRs were all higher than 
99.6%, which were largely due to the rejection by the non-porous FO membrane. 
Similarly, high solute rejection by the hybrid membrane system produced TDS and 
conductivity of less than 275 mg/L and 297 μs/cm in the final permeates of the 3 FO-
MBRs. This indicated that good quality reclaimed water can be produced from the 
hybrid FO-MBR-NF treating domestic wastewater. However, nitrate levels in the 
permeates were relatively high. Further development of the hybrid FO-MBR-NF 
process should consider incorporating denitrification process into the MBR to 
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Table 4.7 Water quality of the final permeates and rejections for the hybrid FO-MBR-NF 
system.  
FO-MBR-NF 1 2 3 
SRT in MBR (d) 3 5 10 
Permeate quality    
TOC (mg/L) < 1 < 1 < 1  
TN (mg/L) 23.0±6.5 25.1±6.1 24.6±4.8 
TDS (mg/L) 225.2±83.2 243.3±50.5 275.0±64.5 
Conductivity (S/cm) 285.08±70.56 284.76±60.80 296.69±60.42 
Rejection       
TOC (%) 99.67±0.67 99.88±0.14 99.82±0.37 
Salt (%) 99.75±0.09 99.73±0.07 99.68±0.10 
 
Results in Fig. 4.40 showed that COD removal efficiencies of more than 95% were 
achieved in all 3 FO-MBRs throughout the 39 d of operation. A very low soluble 
COD concentration was found in the final product water, lower than 10 mg/L in 
average for each system, again due to the high rejection of FO membrane. It was 
observed in Fig. 4.40 that the permeate soluble COD maintained similarly low when 
the influent total COD were varied from 170 to 350 mg/L, which indicated that FO-
MBR-NF system was capable to maintain high COD removal efficiency when 
treating domestic wastewater with fluctuating organic strength. Thus, it was 
concluded that FO-MBR-NF was able to provide a high COD removal efficiency for 
domestic wastewater treatment.   
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Figure 4.40 Graph showing the influent and permeate COD for the 3 FO-MBR-NF systems.  
 
In conclusion, a more comprehensive study needs to be conducted to determine the 
operational parameters that are crucial to meet the objective of directly producing 
potable water from domestic wastewater. In the next phase of this study, a FO 
membrane backwash and chemical cleaning scheme was incorporated into the FO-
MBR operation to mitigate membrane fouling, in order to investigate the effect of 
mixed liquor conductivity on flux decline, and the selection of the most appropriate 
MCRT for effective FO-MBR operation to treat domestic wastewater and to produce 
a high quality final product water.  
4.9.3 Effect of MCRT on laboratory-scale FO-MBR system with backwash and 
chemical cleaning 
Having operated the three laboratory-scale FO-MBR systems continuously for 39 d, a 
new set of experiment, which incorporated a membrane backwash and chemical 
cleaning scheme, was operated for 120 d in Phase 2 of this study.  Similar to Phase 1 
of this study, membrane performance in terms of water flux and solute rejections were 
investigated and final permeate qualities were determined. With the membrane 
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elevated conductivity (i.e., salt concentration) in the mixed liquor on flux decline. FO 
membrane backwash was conducted once every 2 weeks to facilitate flux restoration. 
The FO membrane modules were removed from the FO-MBRs and submerged in a 
backwash tank to create a water flux in the reverse direction (i.e., water transported 
from inside membrane module across the membrane into the tank). This was 
accomplished by using a 1.0M NaCl solution in the tank and running DI water in the 
membrane module. Backwash for each membrane module was conducted for 30 min. 
Chemical cleaning of the FO membrane was also conducted using the backwash tank 
by soaking the membranes for 30 min in a 0.35% ethylenediamine tetraacetic acid 
(EDTA) to remove organic foulants. Further discussion on the backwash and 
chemical cleaning scheme can be found in the subsequent paragraphs. 
Water fluxes for the 3 FO-MBRs were measured daily and plotted in Fig. 4.41. 
Comparing the magnitude of water fluxes in the Phase 1 as shown Figs. 4.41 and 4.38, 
one can observe that the current water fluxes were almost half of that obtained in the 
Phase 1 of this study. This was attributed to the fact that the membranes used in this 
Phase were from a different batch used in Phase 1. A possible explanation for such 
different membrane performance might be that the later batch of membrane was 
produced (by HTI) to enhance reliablity, in terms of solute rejection, as this was a 
very important parameter for FO application. Therefore, water flux would have to be 
compromised to maintain high solute rejection, which explained why the water fluxes 
in this phase were lower than the previous one. It was noted that similar to the Phase 1, 
the water fluxes for each of the FO-MBR decreased as the days of operation increased, 
until after about Day 40, the water fluxes stabilized and maintained at an almost 
constant fluxes for the remaining 80 d of operation. Even though the FO membrane is 
capable of rejection more than 99.5% of most solute, salt transport across the FO 
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membrane from the high concentration draw solution to the lower concentration 
mixed liquor was on-going throughout the whole duration of operation. Additionally, 
unlike conventional MBR system whereby most electrolytes are capable of 
permeating through both MF and UF membranes, the FO membrane was likely to 
minimize salt transport from mixed liquor to the draw solution. As a result, solute 
concentration in the mixed liquor would increase with time. As such, the effective 
osmotic pressure difference between mixed liquor and draw solution would decrease 
due to the conductivity increase in the mixed liquor. Therefore, the water flux would 
decrease accordingly. However, one cannot neglect the fact that FO membrane 
fouling might contribute to the flux decline. 
 
Figure 4.41 Graph showing the effect of different MCRT on water flux for FO-MBR with 
backwash (blue arrows) and chemical cleaning (yellow arrows). 
 
Figure 4.42 shows the mixed liquor conductivity during the 120 d of operation for the 
three FO-MBRs. The three FO-MBRs were started with the same activated sludge 
seeding from the Ulu Pandan WWRP, which had an average conductivity of about 
800 µs/cm. It was observed that during the first 10 d of operation, the conductivities 
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Similarly, water fluxes (as shown in Fig. 4.41) were also the same for all the 3 FO-
MBRs. As the operations proceed, the FO-MBR system with 10-d MCRT increased 
sharply to a maximum of about 25,000 µs/cm and then decreased slightly to stabilized 
at about 20,000 µs/cm for the remaining 40 d of operation (i.e., from Day 80 to Day 
120). Both 5-d and 3-d MCRTs FO-MBRs had conductivities that increased 
moderately, which stabilized at about 12,000 and 8,000 µs/cm, respectively. From this, 
we observed that having a longer MCRT could result in a higher conductivity in the 
mixed liquor or solute concentration due to the fact that activated sludge wasting, 
which inherently removed mixed liquor, could control the solute concentration in the 
mixed liquor. In other words, the optimal conductivity for FO-MBR operation could 
be controlled by altering the MCRT of the FO-MBR. 
By using both Figs. 4.41 and 4.42, one could infer that conductivity of the mixed 
liquor played a large role in causing flux decline in all the FO-MBRs tested. However, 
one still cannot eliminate the fact that membrane fouling might also contribute to flux 
decline to a certain extent. In order to quantify the extent of flux decline by membrane 
fouling, a normalized water flux was calculated for each of the water flux result 
shown in Fig. 4.41. By dividing the water flux with the corresponding osmotic 
pressure difference between mixed liquor and draw solution, a normalized flux curve 
could be obtained for each system that was independent of flux decline due to the 
conductivity increase. As such, the normalized flux curve could provide a better 
quantification of flux decline due to fouling. Figure 4.43 shows the normalized flux 
curves for the three FO-MBRs. 
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Figure 4.42 Graph showing the effect of different MCRT on the increase in reactor 
conductivity with backwash and chemical cleaning.  
 
 
Figure 4.43 Graph showing the normalized flux with osmotic pressure correction, for 120 d of 
operation. Note: Blue arrows indicate backwash and yellow arrows indicate chemical 
cleaning. 
 
From Fig. 4.43, it can be observed that the normalized fluxes decreased as the number 
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, which is a decline of 17% from the initial 
flux. The flux decline as indicated here was attributed to membrane fouling. Noting 


























Days of operation, d 


































Days of operation, d 





CHAPTER FOUR – RESULTS AND DISCUSSION 
HYBRID FO-MBR FOR DOMESTIC WASTEWATAER RECLAMATION 
182 
 
operation, the scheme was only capable of recovering water flux to almost 99% of the 
initial flux for the first two backwash and first chemical cleaning. Plates 4.1 to 4.3 
shows the photographs of the FO membrane before and after the first backwash 
implemented for 3-, 5-, and 10-day MCRTs systems, respectively. Plates 4.4 to 4.6 
shows the photographs of the FO membrane before and after the first chemical 
cleaning implemented for 3-, 5-, and 10-day MCRTs systems, respectively. In general, 
it can be observed that the organic foulants were typically loosely attached to the FO 
membrane surface, since the FO process utilized a gentle osmotic driving force for 
water transport, instead of using suction in a typical MBR which might compact the 
foulants relatively tighter on a membrane. In subsequent backwash and chemical 
cleaning, the flux recovery was minimal. This might indicate irreversible FO 
membrane fouling. Another possible explanation is that as the conductivity of the 
mixed liquor increased, scaling due to precipitation of calcium salts, might contribute 
to inorganic membrane fouling. Scanning electron microscope (SEM) was used to 
make microscopic observations on the foulants attached to the FO membranes and the 
above statement was made mainly based on the conclusion obtained from the 
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Plate 4.2 Pictures showing before (left) and after (right) backwash of the 5-d MCRT 
membrane module. 
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Plate 4.4 Pictures showing before (left) and after (right) chemical wash of the 3-d MCRT 
membrane module. 
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Plate 4.6 Pictures showing before (left) and after (right) chemical wash of the 10-d MCRT 
membrane module. 
 
CHAPTER FOUR – RESULTS AND DISCUSSION 
HYBRID FO-MBR FOR DOMESTIC WASTEWATAER RECLAMATION 
186 
 
Microscopic observations were conducted on the FO membranes at the end of the 120 
d of operation. The destructive test were conducted to make microscopic inferences 
on the types of foulants present on the FO membrane, which might possibly lead us to 
have a better understanding on FO membrane fouling in FO-MBR process. Samples 
of FO membranes from each of the three FO-MBRs were obtained and prepared for 
SEM observations according to the procedures described in Chapter 3. Plate 4.7 
shows three SEM micrographs of the FO membrane. Plate 4.7(a) shows the dense 
layer of a fresh FO membrane prior to use (100X) and was noted that the surface 
morphology of the FO membrane was typically smooth. The micrograph in Plate 
4.7(b) shows a sample FO membrane after 120 d of operation (50X). When compared 
to Plate 4.7(a), the surface of the membrane was rough and apparently attached with 
foulants. Apart from the typical organic foulants present (2000X) in the FO-MBR 
(Plate 4.7(c)), scaling was observed, with Plate 4.7(d) showing crystals structures 
attached to the surface of the FO membrane (3000X). In other words, this preliminary 
study confirmed that both organic fouling and scaling occurred on the FO membrane 
when used in FO-MBR. Further studies on the growth of foulants, effects of fouling, 
anti-scaling methodology, fouling minimization, advance cleaning strategies, etc., 
need to be conducted for effective application of FO in FO-MBR operations. 
Other than monitoring the water fluxes and conductivities of mixed liquor for the 
three FO-MBRs, water qualities of the final permeate water from the three systems 
were analyzed and shown in Table 4.8. It was observed that all the three FO-MBRs 
showed similar treatment results. Similar contaminant removal efficiencies, 
concluded from the permeate COD from Table 4.8 and influent COD from Table 3.1, 
of at least 97.5% removal was achieved for all FO-MBR-NF systems. Likewise, the 
permeate TOC results indicated a very high organic removal by the hybrid systems. 
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These findings are consistent with the findings reported by Achilli et al. (2009). The 
ionic conductivities and TDS concentration of the product water from the three FO-
MBR-NF systems were all lower than 500 us/cm and 400 mg/L, respectively, which 
both met the WHO drinking water guidelines. The reasons for having this range of 
TDS and conductivities in the permeate as shown in Table 4.8 were likely to be 
contributed by the draw solutions. Even though NF is capable of reconcentrating the 
diluted draw solution, a nominal amount of draw solutes might still diffused through 
the two-pass NF system.   
Plate 4.7 SEM micrographs showing (a) fresh FO membrane (100X); (b) FO membrane 
with foulants after 120 days operation (50X); (c) higher magnification of foulant on FO 
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Lastly, the TN concentration in the final permeates of the three FO-MBR-NF systems 
were above 22 mg/L, which suggested that the systems had limited nitrogen removal 
efficiencies. Accordingly to the results in Table 4.8, elevated NO3
-
-N amounts were 
observed in all the final permeates, which indicated that TN in the product waters 
were likely to exist in the form of NO3
-
-N. There were no ammonium-nitrogen (NH4
+
-
N) found in the product water (results not shown in Table 4.7). This was possibly due 




 occurred in the FO-MBRs. In addition, it 
has been reported that FO-MBR was capable of retaining above 98% ammonium-
nitrogen (Achilli et al., 2009). A previous study on FO membrane solute rejection 
indicated that FO membrane was not effective in retaining NO3
-
 ions, with about 5-10 
times higher NO3
-
 salt flux than most other salts (Hancock and Cath, 2009). Hence, it 
is possible that the NO3
-
 in the reactors diffused through the FO membrane, and 
accumulated in the draw solutions. Also, since NO3
-
 is a monovalent solute, NF 
membrane was also not effective in retaining them (Mohammad et al., 2007). 
Therefore, it is recommended that the FO-MBR should be operated in pre-anoxic 
mode to introduce denitrification for removal of TN (and NO3
-
) from the wastewater. 
This will be elaborated in Chapter 5. Last but not least, based on the MCRTs that 
were tested in this series of experiments, with respect to the mixed liquor conductivity 
and flux decline due to the decrease in effective osmotic pressure, the optimum 
MCRTs should be between 3 to 5 d. When compared to conventional MBR, whereby 
the MCRTs were typically about 10-12 d, the shorter MCRTs for FO-MBR might 
mean a larger wasting volume of biomass from the reactor for further treatment and 
disposal. This need to be further elucidated and studied. 
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Table 4.8 Water quality of the final permeates for the hybrid FO-MBR-NF system operated 
for 120 d. 
 
4.9.4 Conclusion 
In Phase 1 of this study on FO-MBR for this thesis, CFD was used to understand the 
draw solution fluidic flow within a plate-and-frame FO module and modifications 
were conducted to fabricate a more effective module to be used in the laboratory-scale 
FO-MBR system. Three modules, V1, V2 and V3 with 1-, 4-, and 6-chambers flow 
were used for the simulation and the optimum meshing sizes for simulation were 
determined. Based on these results, V1 is the worst membrane module design due to 
poor mixing (i.e., low flow velocity) in the center portion of the chamber. Both V2 
and V3 could achieve good mixing due to the segregated zones to increase flow 
velocity. However, it was found that the sharp edges within the membrane modules 
that were used to create the multiple chambers were prone to pierceing the FO 
membranes encasing the module. As a result, a modified V3 membrane module, V3-
M, was designed and fabricated to reduce the risk of damaging the membrane. A CFD 
simulation was conducted and was found to have similar velocity profile contours 
with that of V3. Therefore, V3-M was used for further FO-MBR studies. 
With the optimized membrane module (V3-M), two separate tests were conducted to 

















3 415.8±59.6 <1 8.0±7.6 353.3±54.0 24.2±4.9 27.4±7.0 
5 409.4±79.6 <1 5.3±5.6 300.8±81.2 26.0±5.0 28.1±8.1 
10 456.6±77.0 <1 6.0±6.9 379.2±69.3 32.0±4.9 34.4±12.4 
a
 n= 40 (number of different days during which samples were taken for analysis).  
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backwash and chemical cleaning to mitigate flux decline. These results were 
important for pre-determining the operating conditions of a pilot-scale FO-MBR 
system to be conducted in future works. Three laboratory-scale FO-MBR systems 
with 3-, 5-, and 10-day MCRTs were operated continuously for 39 d without 
membrane backwash. Results indicated that mixed liquor conductivity increase had a 
large impact on flux decline as conductivity is linked to solute concentration that is 
further linked to the driving force (i.e., osmotic pressure) for water transport. In 
additoin, final permeate water quality indicated that the hybrid FO-MBR system (for 
all three MCRTs) had high organic removal efficiency, largely due to the non-porous 
FO membrane that was capable of retaining most of the solute within the mixed liquor. 
In the last phase, the three FO-MRBs were operated continuously for 120 d with 
membrane bckwash conducted once every two weeks and chemical cleaning 
conducted once every 6 weeks to further investigate flux decline. Results were similar 
to the earlier test and by normalizing the water flux results (water flux divided by the 
effective osmotic driving force), flux decline due to membrane fouling can be studied. 
Typically, 17% of flux decline was observed, with only the first two backwash and 
first chemical cleaning capable of recovering water flux almost to the initial flux 
values. Further cleaning schemes were not capable of restoring water flux to the 
initial values, and fouling was attributed to irreversible organic fouling. Scaling on the 
FO membrane might also contribute to the flux decline. Lastly, final permeate water 
quality were found to be similar to that of the earlier phase of the study with excellent 
organics removal. However, it was found that high levels of nitrate (above 22 mg/L of 
NO3
-
-N) were found in the final NF permeate. Hence, further recommendations to 
enhanced FO-MBR operation must be included to reduce nitrate levels in final 
permeate water.  




CHAPTER FIVE – CONCLUSION AND 
RECOMMENDATIONS 
5.1 Conclusion 
This PhD thesis encompasses theoretical and experimental work on FO process and 
and multiple findings were concluded from these research studies. As the studies in 
this thesis encompassed a wide field of studies on FO process that included 
fundamental FO process modelling study, selection of an appropriate draw solution 
and complimentary draw solute recovery system, and feasibility studies on hybrid FO 
process for seawater desalination and domestic wastewater reclamation. These studies 
were in many ways related to one another and were all considered preliminary works 
to solve current challenges in FO process.  
The first portion of this thesis described investigations related to the FO process 
modeling in an attempt to obtain a more robust and accurate FO model for 
performance prediction. In the first part of the study on the modeling of the FO 
process, the mass transfer coefficients derived from the boundary layer concept was 
used in the film theory model to describe the ECP layer. The corresponding water 
fluxes after ECP correction matched closely to the pure water flux at both laminar and 
turbulent flow regimes. A modified model for the ICP layer, which required the 
diffusion correlation to be included in the derivative of the governing equation, was 
proposed. This model was used to calculate K*, the measure of the resistance of the 
ICP effect in the porous layer of the FO membrane. Both the dilutive ECP and 
concentrative ICP models were combined together with the osmotic-pressure model 
to predict the corresponding water flux for the FO process, given the bulk 




concentration or osmotic pressure of both the feed and draw solutions. The water 
fluxes predicted by the revised models developed in this study were compared with 
the water fluxes predicted with the previous model, as well as with experimental 
water fluxes. It was shown that the revised models developed in this study can predict 
water fluxes and model both the ECP and ICP phenomenon for the FO process more 
accurately than the previous model proposed by other researchers. The previous 
model developed by other researchers was not able to predict the water flux at higher 
draw solution concentration accurately with as much as 15% overestimation of the 
experimental water flux. It is vital that the ECP and ICP models must be capable of 
predicting water flux accurately at high draw solution concentration because the 
selection of an effective draw solute is usually based on its solubility at high 
concentration in order to generate sufficient osmotic pressure as a driving force for 
the FO process. This current model should be used for future FO modeling studies 
and the better understanding of the effects of CP achieved in this study could allow us 
to further modify the FO process, particularly the membrane structure, to improve 
water fluxes. 
In the second part of the study on FO process modeling, water fluxes for the FO 
process using 6 different draw solutes were predicted using revised FO models 
proposed in this study. Previously modified ECP model (developed in the first part of 
the study) can predict the flux behavior for the FO process accurately with NaCl or 
KCl as the draw solute. This is applicable when Sc values are less than 800 (for this 
study) or when the water flux across the membrane is low. However, when other draw 
solutes were considered, the previously modified ECP model (developed in the first 
part of the study) under-predicted the water fluxes. The effects of dilution/suction and 
property(diffusivity) variation were included in the revised ECP model to improve the 




accuracy of prediction. The modified ICP model (developed in the first part of the 
study) was also revised by considering a solute resistivity constant, K*, that is specific 
to the FO membrane for each draw solute used. The revised ICP model with the 
solute specific KS proposed in this study could improve the accuracy of the ICP effect 
because of the different degree of interactions of the different solutes with the porous 
matrix membrane material. By comparing with experimentally determined water 
fluxes, for the FO process operated in the normal (PRO) mode with 0.5M NaCl as the 
feed, water flux could be predicted using: (1) Modified dilutive ECP model (first 
study) coupled with the currently revised concentrative ICP model for NaCl and KCl 
draw solutes, and (2) Currently revised dilutive ECP model coupled with the current 
revised concentrative ICP model for MgSO4, MgCl2, CaCl2 and glucose draw solutes. 
For the FO process operated in the reverse (FO) mode with 0.5M NaCl as the feed, 
the water flux could be predicted using modified concentrative ECP model 
(developed on the first part of the study) coupled with the current revised dilutive ICP 
model for all draw solutes used in this study. 
Following work done on FO process modeling, further experiments were conducted 
to select the most appropriate draw solutions for the FO process, and at the same time 
a complementary reconcentration process was also proposed. Results obtained from 
the laboratory-scale FO and NF tests suggest that both MgSO4 and Na2SO4 could be 
used as potential draw solutes for the hybrid FO-NF process. Depending on the 
concentration of the draw solutes, acceptable water fluxes for both FO and NF 
processes could be achieved. Solute rejection of over 99.4% for the FO membrane 
could be maintained for all seven draw solutes tested. Likewise, a maximum of 97.9% 
solute rejection of the NF membrane for the four selected draw solutions could be 
achieved. One important key consideration to note is that based on the NF 




reconcentration of the draw solutions, the permeate produced after a single-pass NF 
process will yield a permeate solute concentration of more than 500 mg/L, which is 
above the recommended drinking water guideline provided by the World Health 
Organisation (Guidelines for drinking-water quality (GDWQ), WHO 2006). As such, 
a further polishing step need to be considered for seawater desalination using a hybrid 
FO-NF process. Lastly, to reiterate the feasibility of this system for seawater 
desalination over other proposed FO system suggested by other researchers, the 
hybrid FO-NF system was capable of desalinating seawater that meet drinking water 
guidelines with a final polishing step. In addition, the energy consumption of the post 
treatment NF process was low with an expected operating pressure of less than 40 bar, 
as opposed to a typcal seawater RO process that uses 60 bar and above. 
With the appropriate draw solutions proposed, results from the laboratory-scale FO 
and NF tests in the next phase suggested that Na2SO4 could possibly be the most 
suitable draw solution for the proposed hybrid FO-NF process for seawater 
desalination. Reasonable water fluxes for both FO and NF processes could be 
achieved, with the FO water flux for Na2SO4 draw solution potentially to be increased 
by almost 8 times. Solute rejection of the FO and NF membrane for Na2SO4 could be 
maintained at 99.97% and more than 90%, respectively. In order to produce a good 
quality product water that meets the recommended TDS of the GDWQ from WHO, a 
hybrid FO-NF process with two-pass NF regeneration was proposed. It is possible to 
desalinate seawater with this process to obtain product water with a TDS of 113.6 
mg/L. Preliminary calculations suggested that the energy requirement of the FO-NF 
for seawater desalination is 2.29 kWh/m
3
, which is more than 25% lower than the RO 
process.  




Finally in the last part of the study, feasibility investigations were conducted on a 
hybrid FO-MBR with NF post treatment process for domestic wastewater treatment. 
First, CFD was used to understand the draw solution fluid flow within a plate-and-
frame FO module and modifications were conducted to fabricate a more effective 
module to be used in the laboratory-scale FO-MBR system. Three modules, V1, V2 
and V3 with 1-, 4-, and 6-chambers flow were used for the simulation and the 
optimum meshing sizes for simulation were determined. Based on these results, V1 
was found to be the worst membrane module design due to poor mixing (i.e., low 
flow velocity) in the center portion of the chamber. Both V2 and V3 can achieve good 
mixing due to the segregated zones to increase flow velocity. However, it was found 
that the sharp edges within the membrane modules that were used to create the 
multiple chambers were prone to pierceing the FO membranes encasing the module. 
As a result, a modified V3 membrane module, V3-M, was designed and fabricated to 
reduce the risk of damaging the membrane. A CFD simulation was conducted and 
was found to have similar velocity profile contours with that of V3. Therefore, V3-M 
was used for further FO-MBR studies. 
With the optimized membrane module (V3-M), two separate tests were conducted to 
investigate the effect of different MCRT on FO-MBR operations and the effect of 
backwash and chemical cleaning to mitigate flux decline. These results were 
important for pre-determining the operating conditions of a pilot-scale FO-MBR 
system to be conducted in future works. Three laboratory-scale FO-MBR systems 
with 3-, 5-, and 10-day MCRTs, respectively were operated continuously for 39 d 
without membrane backwash. Results indicated that mixed liquor conductivity 
increase had a large impact on flux decline as conductivity is linked to solute 
concentration that is further linked to the driving force (i.e., osmotic pressure) for 




water transport. Also, final permeate water quality indicated that the hybrid FO-MBR 
system (for all three MCRTs) had high organic removal efficiency, largely due to the 
non-porous FO membrane that was capable of retaining most of the solute within the 
mixed liquor. In the last phase of the study, the three FO-MBRs were operated 
continuously for 120 d with membrane backwash conducted once every two weeks 
and chemical cleaning conducted once every 6 weeks to further investigate flux 
decline. Results were similar to the earlier phase of the study and by normalizing the 
water flux results (water flux divided by the effective osmotic driving force), flux 
decline due to membrane fouling was studied. Typically, 17% flux decline was 
observed, with only the first two backwash and first chemical cleaning capable of 
recovering water flux almost to the  initial flux values. Further cleaning schemes were 
not capable of restoring water flux to the initial values and fouling was attributed to 
irreversible organic fouling. Scaling on the FO membrane might also contribute to the 
flux decline. Lastly, final permeate water quality were found to be similar to that of 
the earlier phase of the study with excellent organics removal. However, it was found 
that high levels of nitrate (above 22 mg/L of NO3
-
-N) were found in the final NF 
permeate.  
5.2 Recommendations 
Following the findings achieved from the studies conducted for this PhD thesis, 
conclusions drawn from them included various challenges to utilizing FO process for 
applicatiom, particularly for water and wastewater treatment. The below 
recommendations for future FO studies, which allow FO for effective applications in 
the very near future. 




a. Following the achievements brought about from the two FO modeling studies 
conducted, a few recommendations were made based on the analysis of model 
parameters. In order to minimize the effect of ECP, both crossflow velocities 
and temperature should be increased. To further reduce the ECP layer, spacers 
can be introduced to improve water flux across the membrane. These 
inclusions should be implemented in future FO studies. Membrane spacers are 
essential accessory for actual usage and both theoretical and experimental 
studies need to be conducted based on these fundamental models defined in 
this thesis. 
b. Compared to the ICP effect, the improvements to water flux by reducing the 
ECP effect, although appreciable, are marginalized. More importantly, flux 
can be distinctly improved by reducing the ICP effect. The most effective way 
of reducing ICP effect is by altering the internal structures of the porous layer 
of the membrane. Firstly, the thickness of the porous layer can be reduced, 
however, it must be noted that the porous layer serves as a support structure to 
the membrane. The thickness must coincide with the appropriate amount of 
support for the FO operation. Secondly, the tortuosity of the porous layer can 
be enhanced by altering the internal structure of the porous layer. Lastly, the 
porosity should be improved by having a more open structure of the porous 
layer.  An increase in porosity will minimize the effect of ICP. Ideally, a new 
type of FO membrane that consists of only a thin dense selective layer without 
porous support, but with sufficient structural strength for FO operation would 
totally eliminate the detrimental effects of ICP on water flux of FO process. 
Following this inferences, there is a need to fabricate a FO membrane that is 
ideal for FO applications. As ICP effect is inherent to the membrane structure, 




process parameters cannot be altered to minimize this effect. Future studies 
should also encompass improving the FO membrane. 
c. Based on both work conducted in this thesis and by other researchers 
(literature review), several FO draw solutions had been proposed for use. In 
this study, the draw solutions proposed are suitable for use when 
complimented with the NF reconcentration process, and had been shown to 
have lower energy consumption when compared to current treatment 
technologies. However, to further reduce the energy usage in the 
reconcentration process, another draw solute extraction process that uses much 
lower energy need to be studied. Hence, an appropriate draw solution needs to 
be used in that case. The author of this thesis proposed that future study on FO 
draw solution should focus on using nanoparticles, particularly magnetic 
nanoparticles. Firstly, these nanoparticles when dissolved in water should 
possess a high osmotic pressure difference with the feed water to be treated. 
At the same time, these nanoparticles, with inherent magnetic properties, can 
easily be removed with a magnetic field. Challenges to such a study include 
size of nanoparticles, magnetic strength of nanoparticles, recovery efficiency 
of the nanoparticles draw solute, etc. 
d. In the case of utilizing hybrid FO-NF process for seawater desalination, 
further work need to be done to optimize the draw solution (Na2SO4) 
concentration for use in this proposed process. The effective water flux of the 
process shall be further enhanced. Finally, energy utilization can be further 
reduced by optimizing the operating parameters of the two-pass NF of the 
hybrid process. Also, the experiments conducted in this thesis were individual 
FO and NF tests. Future studies should test the hybrid FO-NF process as a 




complete system to determine its actual performance for seawater desalination. 
With this, a more complete energy analysis can then be conducted. 
e. With regards to the hybrid FO-MBR process, the studies conducted in this 
thesis had drawn numerous conclusions, especially on its flux performance, 
various operation parameters and final water quality. Looking at the final 
product water quality, it was observed that an elevated amount of nitrate 
existed in the product water. This showed that the FO-MBR with NF 
reconcentration had its limitation. Future studies should consider operating the 
FO-MBR in a pre-anoxic aerobic configuration for effective denitrification of 
the nitrates. As such, the viability of the biological process need to be further 
studied and to understand the impact of high conductivity (about 10,000 
µm/cm range) on denitrification. Lastly, a complete energy analysis need to be 
worked out and compared with conventional MBR with RO system 
(comparing the same final product water quality) as this is one of the most 
important indication as to whether the hybrid FO-MBR system is a more 
viable system than current technologies. 
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